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Abstract

Many microbial pathogens have been known to use repeats in their cell wall pro-
teins to generate diversity, and this has been found to contribute to their virulence. 
In bacteria, these genes are called contingency genes, and function to facilitate adap-
tation of bacteria to the host environments as they invade different host parts and to 
evade the host’s constantly evolving immune system. In the diploid Candida albicans, 
few genes have been classified as contingency genes due to the variation in the length 
of their repeat regions in different clinical isolates. This study attempts to answer a 
question of whether YWP1, HWP1, and EAP1 of C. albicans are contingency genes. 
These three genes encode cell wall proteins and contain repeats. For this purposes, 
allelic distributions of the genes in the general purpose genotype (GPG) and non-GPG 
strains (two groups with different genetic backgrounds), in commensal and infection 
strains, and in strains isolated from different sites of the humans body were examined. 
Based on the allelic distributions of the genes in GPG and non-GPG strains, it can 
be inferred that YWP1 and HWP1 can be categorized as contingency genes, while 
EAP1 cannot be categorized as a contingency gene. The allelic distributions of the 
genes in commensal and infection strains indicate that YWP1, HWP1, and EAP1 
do not act as contingency genes when C. albicans state changes from commensal to 
pathogenic. Although the allelic distributions of the genes cannot distinguish com-

mensal from infection strains, the non-random association between alleles of YWP1, 
HWP1, and EAP1 does distinguish these two groups, i.e. the YWP1 -HWP1 -EAP1 
association is stronger in commensal strains that it is in infection strains. Based on 
the allelic distribution of the genes in strains isolated from different sites of the human 
body, it can be inferred that YWP1 and EAP1 do not act as contingency genes, but 
HWP1 may act as a contingency gene, when C. albicans moves to particular sites of 
the human body.
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Chapter 1

Introduction

1.1 Literature Review

1.1.1 Candida albicans and Humans Host

Candida albicans is a normal member of the microflora on the mucosal surfaces of

most healthy persons. It is uniquely associated with humans or animals, and rarely

found in other environments such as soil. Although it is not a dangerous organism and

most of the time is not able to infect healthy people, overgrowth of this fungus can

cause superficial as well as life-threatening systemic infections in immunosuppressed

patients due to cancer treatments or diseases such as AIDS [1]. For these patients,

candidiasis is frequently caused by a resident strain and is triggered by changes in

the host immune system [2, 3]. Therefore, C. albicans is well adapted to humans

environments. However, there is evidence that C.albicans strains can be transmitted

between persons and then replace existing commensal strains in immunosuppressed

patients [4].

In order to colonize and infect humans, C. albicans cell has to come into contact

with the humans body. There are several known ways for C. albicans to enter the

humans body. For examples, contact with carriers [5] and transfer via contaminated

food [6]. After it is in contact with the humans body, the cells must adhere on host

surfaces in order to replicate and then colonize the body. Without this adherence,

1
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the cells will be washed away from the body surface and colonization of the body will

not occur. Colonization occurs when a certain number of C. albicans populations are

maintained in the host without producing disease symptoms [5]. It usually takes place

on the gastrointestinal tract (from the oral cavity to the rectum and anal tissues),

genitourinary tract, and in some cases on the skin. Colonization depends on the

ability of the cells to evade innate primary host defenses such as the epithelia physical

barrier and antimicrobial molecules (peptide, lysosime and lactofferin) [7, 8, 9]. On

the skin, colonization is enhanced by heat and moister. In warm moist body areas

such as skin folds, the growth of the cells may increase rapidly. The breakdown

of the outer layer of the skin promotes the cell’s overgrowth. If the number of cells

increase in high numbers (cell overgrowth) due to reduced activity of the host immune

system in immunocompromised individuals, the penetration of tissue will occur and

the symptom of candidiasis, such as thrush on the mouth and the gastrointestinum

system and rush on the skin, will appear. The fungus then may enter the blood

stream and then disseminates via the blood stream to the deep organs such as liver,

spleen and kidney and then later invades those organs [1].

The ability of C. albicans to colonize and infect many parts of the humans body

indicates that this fungus must have numerous mechanisms that allow the fungus to

adapt and survive in different environments of the body. Different environments may

have different temperature, pH, oxygen, carbon dioxide, osmolarity etc. Adhesion

factors, phenotypic switching and extracellular proteolitic or lipolytic activity have

been recognized as virulence factors required by C. albicans to cause infection [1].

Virulence factors expressed by C. albicans depends on the type and site of infection,

and on the host response.

1.1.2 Cell Wall of C. albicans

The cell wall of C. albicans contains 80-90% carbohydrate, 6-25% protein, and 1-7%

lipid [10]. It is composed of three major carbohydrates: �-1.3 glucan, �-1.6-glucan

and chitin. Mannose polymers (Mannan) are normally found in association with

cell wall protein (CWPs). Phosphopeptidomannans (PPM) form a fibria layer at
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the outermost layers of the C. albicans cell wall [11], and are covalently linked to

cell wall structural polysaccharide via two ways. First, they link to �-1,6 glucan

via a glycophosphatidylinositol-anchor remnant (GPI-anchor) and second, they link

directly to �-1,3 glucan [12, 13, 14].

Several GPI-anchor cell wall proteins of C. albicans have been identified, i.e. ALS

family, EAP1p, HWP1p, YWP1p [15]. The ability of C. albicans to alter its cell

wall protein composition has been suggested to play important roles to the virulence

of this fungus and enable this fungus to adapt well to its host condition. The new

composition of the cell wall proteins may make the fungus to cope better with the new

environmental conditions. Since cell wall proteins play roles in many events including

adhesion, biofilm formation and tissue invasion [16, 17, 18], which are important

factors for the success of host infection, the protein composition of fungal cell walls

of virulent strains may relate to the ability of the strains to cause disease on their

hosts. By varying their cell protein surface the fungal pathogens may escape the host

immune system and infect abroad range of tissues/substrates.

Cell wall protein (CWP) composition of C. albicans can be altered by either reg-

ulating their expressions or by changing the characterization of individual protein

through the variation on its repeats.

A. Alteration of CWP composition by regulating gene expression

CWP composition of C. albicans can be altered by regulating the expression of CWP

genes [11]. Based on computer analysis of C-terminal hydrophobic amino acid residues

that characterize GPI-anchor attachment site, around 115 C. albicans proteins have

been predicted to be modified with GPI-anchors [19]. This modification occurs in the

endoplasmic reticulum and is a posttranslational modification. Proteins with GPI-

anchors are targeted to fungal cell wall and attached to cell wall �-1.6-glucan [20].

From these 115 proteins, only around 20 GPI-anchored proteins are found in the cell

wall of C. albicans cells growing in vitro [21].

Studies using mass spectrometry-based proteomics of fungal wall glycoproteins
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show that at any one time, the cell walls of Saccharomyces cerevisiae and C. albi-

cans consisted of more than 20 dissimilar cell wall glycoproteins [16]. Environmental

conditions such as nutrient accessibility, temperature and pH, changed the protein

composition of cell walls of these two fungi [22, 23]. The cell wall proteome variation

has also been found on the cells growing under different conditions e.g. between yeast

and hyphae, and between hypoxic and iron-limiting conditions [24, 25].

B. Alteration of CWP composition by variation of the repeats

Cell surface composition of C. albicans can also be altered by changing the charac-

terization of individual CWPs through the variation of their repeats [11]. Addition

or reduction of the number of repeat units within genes that encode cell wall proteins

can change the functional characteristics of the proteins and also can determine the

position of functional region of the proteins on the cell wall surface.

Repeats have been located more frequently in Fungal CWPs than in other classes

of proteins, and the number of repeat containing cell wall protein is found to be larger

in C. albicans compared to S. cerevisiae or A. fumigates [26]. Approximately 115

genes in C. albicans have been predicted to encode cell surface proteins [19], and

50 % of the genes have repeat sequences [11]. Many repeat-containing CWPs in C.

albicans are adhesins including EAP1, YWP1, HWP1, and ALS family genes [15].

They mediate adhesion to the host. The function of ALS proteins in adhesion seemed

to be associated with variation in the number of tandem repeat copies. This conclusion

is based on the facts that ALS3 proteins with 9 tandem repeat copies played less roles

in C. albicans ’s adhesion to endothelial and epithelial surfaces than do ALS3 proteins

with 12 tandem repeat copies [27]. Loza et al. [28] found that when each of the ALS1

with 5 repeat units or the ALS1 with 20 repeat units was expressed in non-adherent

S. cerevisiae cells, adhesion of the cells with ALS1-5 repeat units decreased by 50%

compared with the cells with ALS1-20 repeat units. They also found that the cells

with ALS1-0 repeat unit had no adhesion ability at all.

Rauceo et al. [29] found that when ALS5 with different number of repeat units (0-

6) were expressed in non-adherent S. cerevisiae cells, there was a correlation between
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adhesion of the cells and the number of ALS5 repeat units contained by the cells.

Variation in repeat numbers of ALS genes has been found among strains of C.

albicans. The variability is thought to generate diversity in the population, which

enable the organism to survive in different host environment. The ALS genes (ALS1

to ALS7, and ALS9 ) of C. albicans have repeat regions which consist of tandemly

repeated copies of a 108-bp sequence. Rearrangement of the units in the repeat regions

of these genes results in highly allelic diversity expressed by different numbers of 108-

bp tandemly repeated copies [30]. Examination of ALS1 allelic diversity in over 100

isolates of C. albicans revealed that the isolates had alleles with a copy number of the

tandem repeat sequence between 4 to 37 but the most common allele had 16 copies

[31]. Zhang et al. [32] studied ALS7 allelic diversity in a group of strains called the

general-purpose-genotype (GPG) cluster which cause humans diseases 10-100 times

more often than other strains and found that this group had between 14 and 17

copies of the tandem repeat in the central domain and these alleles were uncommon

in other group. Repeat variability and clade-specific allele combinations which relate

to tandem repeat copy numbers in ALS3, ALS5 and ALS6 were also found [27, 33].

1.1.3 Repeat Sequences

Repeat sequences (three or more nucleotides) are found frequently in coding genomic

DNA sequences of both prokaryotes and eukaryotes [32, 34, 35]. Repeats are also

termed as simple sequence repeats (SSR) or short tandem repeats (STR). Repeats of

DNA sequences of 1-9 bp in length are called microsatellites, while repeats of DNA

sequences of 10-100 are called minisatellite [36]. Repeats are caused by replication

slippage and recombination between homolog sequences [37, 38]. The regions are

unstable and have a higher mutation rate compare to the rest of the genome.

Many algorithms have been used to identify repeat regions in DNA sequences,

for example Tandem Repeat Finder, REPuter, Stepstone, the EMBOSS ETANDEM,

SERV [39, 40, 41, 42]. One of the programs, SERV, calculates a VAR score that

can determine the probability of the repeat variation in a population. The score is

calculated based on the length of an individual repeat, the purity of the repeat and
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the number of the repeat. The variability of both microsatellites and minisatellites in

many organisms can be predicted using this program [42].

1.1.4 Contingency Genes

In bacteria, many genes have been found to contain repeats. These genes are called

contingency genes when a change in the gene repeat numbers is used for adaptation

purposes [43, 44, 45]. These genes are important in bacterial pathogenicity since they

function to facilitate adaptation of bacteria to the host environments as they invade

different host parts and to evade the host’s constantly evolving immune system. These

genes create variability in the bacterial cell population that allows the pathogen to

survive in changing host environments. Bacteria use contingency genes as one of the

evolvable mechanisms to change their rate of mutation [46]. This diversity-generating

mechanism may contribute to bacterial adaptation both short term adaptation and

long term evolution.

Many C. albicans repeat-containing genes have been identified such as: EF3 [47],

CEK1, HYR1, HYR2 [31], Rlm1 [48], ALS family [49], ALS7 [32], ALS3 [27], ALS5,

ALS6 [33, 50], PNG2 [51], and SSR1 [52]. From the list of these studies, only two

genes have been claimed as contingency genes: ALS7 [32] and SSR1 [52].

1.2 Research Background

Contingency genes have been the focus of many studies in bacteria. The genes contain

repeats within their coding sequences, and play a role in facilitating adaptation to dif-

ferent host microenvironments [44, 45]. In bacteria, a contingency gene has relatively

high mutation rates, which result in a high variation of gene repeats in the population.

This variation helps bacteria to evade their host immune system, which constantly

evolves, or to colonize different host microenvironments [44, 53, 54]. The high mu-

tability of the genes is expected to produce a pool of variant alleles from which the

most suitable ones are selected, thus the variability in alleles are used for adaptation

purposes. Since contingency genes in bacteria have relatively high mutation rates,
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the term contingency genes are frequently used interchangeably with hypermutable

genes. The mutation rate for contingency genes in bacteria has been determined to

be in the range of 1× 10−5 to 1× 10−2 per cell division [55].

Repeats in C. albicans genes have been the focus of many studies, which include

repeats in EF3 [47], CEK1, HYR1, HYR2 [31], Rlm1 [48], ALS family [49], ALS7

[32], ALS3 [27], ALS5, ALS6 [33, 50], PNG2 [51], and SSR1 [52]. From the list, only

few studies discussed the relationship between the repeat variation and its effect on

the fungus adaptation to its host, thus contingency genes; these studies include PNG2

[51], ALS7 [32], and SSR1 [52].

Using Ca3 fingerprinting, three clusters of C. albicans strains have been identi-

fied from 266 infection strains collected from six different countries: 37% of strains

were genetically homogeneous and classified as cluster A, while 63% of strains were

genetically diverse and classified as either cluster B or C (see Figure 1.1 on page 8)

[56]. Cluster A is called the general purpose genotype (GPG) cluster, while clusters

B and C are non-GPG clusters. Figure 1.1 indicates that GPG and non-GPG strains

have different genetic backgrounds. Since GPG and non-GPG strains have different

genetic backgrounds, these groups can be used to determine whether a C. albicans

gene is a contingency gene, i.e. whether the repeat variation is used for adaptation

purposes. If there is a selective pressure on the gene, the influence of the genetic

background is diminished [57], which will result in the same alleles selected by the

two groups. Viceversa, if there is no selective pressure on the gene, the two groups

may select different alleles due to the influence of the genetic background.

Studies to compare allele combinations of the C. albicans genes including ALS7,

PNG2, and SSR1, between GPG and non-GPG strains have been conducted [32, 51,

52], and shared at least three common key findings. First, there was a variability in

the number of repeat units observed for each gene in the strains tested. Second, there

were predominant allele combinations associated with the group of GPG strains, while

no obvious predominant allele combinations were observed in the group of non-GPG

strains. If the repeat variation was used for adaptation purposes, the predominant

allele combinations should be observed in non-GPG strains, and should be the same
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Figure 1.1: A neighbour-joining tree of 266 C. albicans strains. 37% of strains were
genetically homogeneous and classified as cluster A, while 63% of strains were geneti-
cally diverse and classified as either cluster B or C [56]. Cluster A is called the general
purpose genotype (GPG) cluster, while clusters B and C are non-GPG clusters.
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as that in GPG strains. Thus, based on the genetic background, these three genes

cannot be categorized as contingency genes. Third, the results of the mutation rate

measurements of PNG2, and SSR1 indicate that these two genes are hypermutable

genes. Although the same measurements were not conducted for ALS7, by considering

the number of different allele combinations observed, it was claimed that ALS7 is a

hypermutable gene [32]. The findings that ALS7, PNG2, and SSR1 are hypermutable

genes seem to contradict with the facts that there are predominant allele combinations

of ALS7, PNG2, and SSR1 observed in GPG strains; high mutation rates should

produce more allele diversity with less or no predominant allele combinations.

If the criteria for a C. albicans contingency gene is based on the gene allelic

distributions in GPG and non-GPG strains, it can be inferred that PNG2, ALS7

and SSR1 which are hypermutable genes, are not contingency genes. This seems

to reveal that hypermutable genes of C. albicans may not act as contingency genes.

Beside the genetic background, the criteria for a C. albicans contingency can also

can be based on the gene allelic distributions in commensal and infection strains,

i.e. whether there is a change in the repeats when the C. albicans state changes

from commensal to pathogenic. Based on this criteria, SSR1 can be categorized as

a contingency gene, but no information is available for ALS7 and PNG2. Another

criteria is based on the allelic distributions in strains isolated from different sites of

the humans body, i.e. whether there is a change in the repeats when C. albicans

moves to particular sites of the humans body.

In this thesis, the results of a search for contingency genes in C. albicans are

described. Since contingency genes and hypermutable genes are frequently used in-

terchangeably, it is important to emphasize that in this study, the two terms are

separated. A contingency gene is defined as a gene which has a role in adaptation

by changing the repeats within the coding sequences, and the criteria used for a con-

tingency gene is based on the allelic distributions of the gene in GPG and non-GPG

strains, i.e. the allelic distribution of a gene which plays a role in adaptation should

be the same in GPG and non-GPG strains. In addition, allelic distributions in com-

mensal and infection strains, and strains isolated from different sites of the humans
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body are also used to determine whether a C. albicans gene is a contingency gene

or not. A hypermutable gene is defined as a gene with mutation rates ranging from

1× 10−5 to 1× 10−2 per cell division, the same criteria for bacteria [55].

Three potential contingency genes are chosen based on two criteria: 1) the genes

encode cell wall proteins (CWPs), and 2) the genes contain repeats. These three

potential genes are YWP1 of chromosome 2, HWP1 of chromosome 4, and EAP1 of

chromosome 2. These 3 genes have been predicted to encode GPI-anchored cell wall

proteins [13, 58], and contain repeats [59]. The three genes also have been found to

involve in adherent ability of the C. albicans cells. The YWP1p has been suggested

to promote the dispersal ability of the C. albicans [60, 61]. The HWP1p has been

found to be a surface adhesin required for both covalent attachment to host epithelial

cells and hypha adhesion one with another [62, 63, 64]. The EAP1p has been found

to have three domains, which relate to the adherent ability of the C. albicans cells to

polystyrene and mammalian epithelial cells [65, 66].

1.3 Research Questions

In this study, alleles of YWP1, HWP1, and EAP1 were characterized and examined

to find out whether YWP1, HWP1, and EAP1 are contingency genes. In addition,

the mutation rates of YWP1, HWP1, and EAP1 were determined to find out whether

YWP1, HWP1, and EAP1 are hypermutable genes. Therefore, this study was con-

ducted to answer the following general questions:

1) Are YWP1, HWP1, and EAP1 contingency genes ?

2) Are YWP1, HWP1, and EAP1 hypermutable genes ?

To answer the first general question, the allelic distributions of YWP1, HWP1

and EAP1 in two different genetic background strains (GPG and non-GPG strains),

among commensal and infection strains, and among strains isolated from different

sites of the humans body were examined. For a contingency gene, it is expected that

two different genetic background strains select the same alleles of the gene, which

are the advantageous alleles. The examination of the allelic distribution of the three
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genes in commensal and infection strains is to answer a question of whether YWP1,

HWP1 and EAP1 act as a contingency gene when the C. albicans state changes

from commensal to pathogenic. The examination of the allelic distribution of the

three genes in strains isolated from different sites of the humans body is to answer

the question of whether YWP1, HWP1 and EAP1 act as contingency genes when

the C. albicans moves to particular sites of the humans body. Finally, these studies

also try to answer the question of whether there is an interconnectedness, i.e. a

non random association of alleles of YWP1, HWP1 and EAP1. The analysis of the

gene interconnectedness can reveal whether there is a selection of certain genes to

interconnect to each other when the C. albicans faces a particular circumstance, e.g.

when the C. albicans state changes from commensal to pathogenic.

To answer the second general question, the mutation rate of YWP1, HWP1, and

EAP1 was determined. The mutation rate for a hypermutable gene in bacteria has

been determined to be in the range from 1×10−5 to 1×10−2 per cell division [55], and

will be used as a standard to determine whether or not YWP1, HWP1, and EAP1

are hypermutable genes.

Chapters 3, 4, and 5 contain the descriptions to answer the question of whether

YWP1, HWP1, and EAP1, respectively, are contingency genes. Each chapter includes

the description of the allelic distribution of the genes in GPG and non-GPG strains,

commensal and infection strains, and strains isolated from different sites of the humans

body. In addition to these, the analysis of the combination of the two alleles in an

individual strain is also described. This analysis describe the composition of the

homozygous and heterozygous strains, and the pattern of the difference between the

two alleles in an individual strain for the three genes in the strains of interest.

Chapter 6 contains the description to answer the question of whether there is an

interconnectedness among the three genes.

Chapter 7 contains the description to answer the question of whether YWP1,

HWP1, and EAP1 are hypermutable genes.

Chapter 8 contains the summary of the results, the conclusion and proposed future

experiments.



Chapter 2

Materials and Methods

2.1 Fungal and Bacterial Strains

2.1.1 Fungal Strains

C. abicans strains used in this study were infection and commensal strains. Infection

strains are strains isolated from sick (unhealthy) persons and commensal strains are

strains isolated from healthy persons. For infection strains, two groups were investi-

gated: GPG and non-GPG strains. For commensal strains, only GPG strains were

investigated. The strains were isolated from different sites of the human body, and

collected from different parts of the world. From 266 strains originally studied, 123

strains were selected, of which 49 were GPG strains isolated from infected sites, 47

were non-GPG isolated from infected sites, and 37 were GPG strains isolated from

uninfected sites (healthy person). Tables 2.1, 2.2, and 2.3 contain the list of GPG in-

fection strains, non-GPG infection strains, and GPG commensal strains, respectively.

12
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Table 2.1: List of GPG infection strains used in this

study.

No Strain Site Country of origin Reference

1 AU1 respiratory/oral New Zealand [67]

2 AU19 urine New Zealand [67]

3 AU27 sputum New Zealand [67]

4 AU39 skin/wounds New Zealand [67]

5 AU90 skin /wounds New Zealand [67]

6 CH14 skin/wounds New Zealand [67]

7 CH35 urine New Zealand [67]

8 CH42 skin/wounds New Zealand [67]

9 CHOB5 skin/wounds New Zealand [67]

10 CLB42 vagina/vulva Columbia [56]

11 CLB53 skin/wounds Columbia [56]

12 COUR-C respiratory/oral USA [56]

13 FJ9 respiratory/oral Fiji [56]

14 FJ23 urine Fiji [56]

15 FJ26 skin/wounds Fiji [56]

16 HUN93 sterile Great Britain [56]

17 HUN95 sterile Great Britain [56]

18 HUN96 Sterile Great Britain [56]

19 HUN122 Sterile Great Britain [56]

20 HUN127 Sterile Great Britain [56]

21 Jam-2c anal USA [67]

22 KO-2c stool USA [67]

23 OD8807 respiratory/oral Great Britain [56]

24 OD8826 respiratory/oral Great Britain [56]

continued on the next page. . .
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Table 2.1 – continued

No Strain Site Country of origin Reference

25 OD8911 respiratory/oral Great Britain [56]

26 OD8916 respiratory/oral Great Britain [56]

27 OD9014 respiratory/oral Great Britain [56]

28 RIHO9 sterile USA [56]

29 RIHO10 sterile USA [56]

30 RIHO13 sterile USA [56]

31 RIHO16 sterile USA [56]

32 ROLO-C respiratory/oral USA [56]

33 SIM-C respiratory/oral USA [56]

34 VAR1.1VAG vagina/vulva USA [56]

35 VAR1.3VAG vagina/vulva USA [56]

36 VAR1.4VAG vagina/vulva USA [56]

37 VAR1.10VAG vagina/vulva USA [56]

38 VARE1.8VAG vagina/vulva USA [56]

39 W3 respiratory/oral New Zealand [67]

40 W26 anal New Zealand [67]

41 W43 respiratory/oral New Zealand [67]

42 W59 sputum New Zealand [67]

43 W68 respiratory/oral New Zealand [67]

44 W132 respiratory/oral New Zealand [67]

45 W134 sputum New Zealand [67]

46 YSM073 respiratory/oral Malaysia [56]

47 YSU568 urine Malaysia [56]

48 YSU649 urine Malaysia [56]

49 YSU751 urine Malaysia [56]
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Table 2.2: List of Non-GPG infection strains used in this

study.

No Strain Site Country of origin Reference

1 AU11 skin New Zealand [67]

2 AU134 respiratory/oral New Zealand [67]

3 AU2 respiratory/oral New Zealand [67]

4 AU33 skin/wounds New Zealand [67]

5 AU36 catheter New Zealand [67]

6 CH3 urine New Zealand [67]

7 CH9 vagina/vulva New Zealand [67]

8 CH20 vagina/vulva New Zealand [67]

9 CH41.1 urine New Zealand [67]

10 CLB44 skin/wounds Columbia [56]

11 CLB45 skin/wounds Columbia [56]

12 CLB49 respiratory/oral Columbia [56]

13 FJ3 respiratory/oral Fiji [56]

14 FJ12 respiratory/oral Fiji [56]

15 FJ27 catheter Fiji [56]

16 GAYMC-C respiratory/oral USA [56]

17 HUN61 respiratory/oral Great Britain [56]

18 HUN64 skin/wounds Great Britain [56]

19 HUN66 skin/wounds Great Britain [56]

20 HUN68 respiratory/oral Great Britain [56]

21 HUN91 sterile Great Britain [56]

22 HUN92 sterile Great Britain [56]

23 HUN123 sterile Great Britain [56]

24 OD8824 respiratory/oral Great Britain [56]

continued on the next page. . .
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Table 2.2 – continued

No Strain Site Country of origin Reference

25 OTG1 respiratory/oral New Zealand [67]

26 OTG2 respiratory/oral New Zealand [67]

27 OTG4 vagina/vulva New Zealand [67]

28 OTG6 skin/wounds New Zealand [67]

29 OTG10 anal New Zealand [67]

30 OTG18 respiratory/oral New Zealand [67]

31 RIHO2 no info USA [56]

32 RIHO5 no info USA [56]

33 RIHO30 sterile USA [67]

34 SW17C sterile USA [56]

35 VAR1.5Vag vagina/vulva USA [56]

36 VAR1.7VUL vagina/vulva USA [56]

37 W17 respiratory/oral New Zealand [67]

38 W53 respiratory/oral New Zealand [67]

39 W55 anal New Zealand [67]

40 W137B respiratory/oral New Zealand [67]

41 W142 respiratory/oral New Zealand [67]

42 YASU709 urine Malaysia [56]

43 YSM1 sterile Malaysia [56]

44 YSM42 respiratory/oral Malaysia [56]

45 YASU63 urine Malaysia [56]

46 YASU363 urine Malaysia [56]

47 YASU123 urine Malaysia [56]
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Table 2.3: List of GPG commensal strains used in this

study.

No Strain Site Country of origin Reference

1 CFR2.1vul vulva USA [68]

2 CPR2.2fec stool USA [68]

3 CFR2.3vul vulva USA [68]

4 CFR2.4vul vulva USA [68]

5 CFR2.8vag vagina USA [68]

6 CFR2.9vag vagina USA [68]

7 CFR2.10vul vulva USA [68]

8 COD21 respiratory/oral UK [68]

9 HMHC1 respiratory/oral USA [69]

10 HMHC2 respiratory/oral USA [69]

11 HMHC4 respiratory/oral USA [69]

12 HMHC5 respiratory/oral USA [69]

13 HMHC6 respiratory/oral USA [69]

14 HMHC9 respiratory/oral USA [69]

15 HP2bt respiratory/oral USA [69]

16 HP3ch respiratory/oral USA [69]

17 HP10bt respiratory/oral USA [69]

18 HP11an anal USA [68]

19 HP11vw vagina USA [69]

20 HP12bt respiratory/oral USA [69]

21 HP13vw vagina USA [69]

22 HP31an anal USA [69]

23 HP31ch respiratory/oral USA [69]

24 HP31vu vulva USA [69]

continued on the next page. . .
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Table 2.3 – continued

No Strain Site Country of origin Reference

25 HP31vw vagina USA [69]

26 HP33vu vulva USA [69]

27 HP33vw vagina USA [69]

28 HP42bt respiratory/oral USA [69]

29 HP42vp vagina USA [69]

30 HP55bt respiratory/oral USA [69]

31 W104 respiratory/oral New Zealand [67]

32 W105 respiratory/oral New Zealand [67]

33 w106 respiratory/oral New Zealand [67]

34 w107 respiratory/oral New Zealand [67]

35 w108 respiratory/oral New Zealand [67]

36 w109 respiratory/oral New Zealand [67]

37 w111 respiratory/oral New Zealand [67]

In addition, 6 strains, strains 3207-3212, which are a series of sequential isolates

from an AIDS patient with recurring candidiasis [70] were also used in this study.

2.1.2 Bacterial Strains

The bacterial strain used in this study is E. coli DH5. This is used as competent cells

for cloning experiments.

2.2 Media and Solutions

2.2.1 Media

YPD Agar (1L):

Yeast extract 5 g, Peptone 10 g, Glucose 10 g, Agar 10 g, ddH2O 1 L. The medium is

sterilized by autoclaving at 121∘C and is cooled down to 60∘C. The medium is then
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poured into sterile petridishes (approximately 25 ml/petridish) to make agar plates.

To make agar slants, the medium is poured into bottles with caps (approximately

15 ml/bottle) before sterilization. After sterilization, the bottles are put in room

temperature to harden the agar in slanted position. The plates and the slants are put

in room temperature for 24 hours before used for yeast inoculation. Uninoculated

plates and slants are stored at 4∘C until used for microbial inoculation.

YPD broth (1 L):

Yeast extract 5 g, Peptone 10 g, Glucose 10 g, ddH2O 1 L. The medium is sterilized

by autoclaving at 121∘C and is cooled to 60∘C. The medium is then poured into sterile

erlenmeyers or other sterile containers. Unioculated broths are stored at 4∘C until

used for yeast inoculation.

LB Agar (1 L):

Tryptone 10 g, Yeast Extract 5 g, NaCl 5 g, 1N NaOH 1 ml, Agar 15 g, ddH2O 1 L.

The medium is sterilized by autoclaving at 121∘C and is cooled to 60∘C. The medium

is poured into sterile petridishes to make agar plates. The plates are put in room

temperature for 24 hours before used for yeast inoculation. Uninoculated plates are

stored at 4∘C until used for bacterial inoculation.

LB Agar + Ampicillin (1 L) :

Tryptone 10 g, Yeast Extract 5 g, NaCl 5 g, 1N NaOH 1 ml, Agar 15 g, ddH2O 1

L. The media is sterilized by autoclaving at 121∘C and is cooled to 60∘C. Ampicillin

12.5 ml (from 4 mg/ml stock solution) is added to get final concentration of 50 �g/ml.

The medium is then poured into sterile petridishes to make agar plates.

LB broth (1L):

Tryptone 10 g, Yeast Extract 5 g, NaCl 5 g, 1N NaOH 1 ml, ddH2O 1 L. The medium

is sterilised by autoclaving at 121∘C and is cooled to 60∘C. The medium is then poured

into sterile erlenmeyers, or other sterile containers. Uninoculated broths are stored

at 4∘C until used for bacterial inoculation.

LB broth + Ampicillin:

Tryptone 10 g, Yeast Extract 5 g, NaCl 5 g, 1N NaOH 1 ml, ddH2O 1 L. The medium

is sterilized by autoclaving at 121∘C and is cooled to 60∘C. Ampicillin 12.5 ml (from 4
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mg/ml stock solution) is added to get final concentration of 50 �g/ml). The solution

is poured into sterile erlenmeyers or other sterile containers.

2.2.2 Solutions

Ampicillin solution 4mg/ml (20 ml):

Ampicillin 100 mg, dd H2O 20 ml. The solution is sterilized by filter sterilization.

CaCl2 Solution (1L):

PIPE 3 g,CaCl2 6.66 g, Glycerol 80% 187.5 ml, ddH2O 812.5 ml. The pH solution is

adjusted into 7 by adding NaOH 8 M and then is sterilized by autoclaving.

DNA ladder 1 kb+ 40ng/�l (500 �l):

Distilled water 400 �l, loading dye 80 �l, 1kb+DNA ladder 20 �l.

EDTA 0.5M (1L):

NaEDTA2 H2O 186 g, ddH2O 700ml. The pH solution is adjusted into 8.0 with NaOH

10 M( 50ml), then ddH2O is added to the solution to get 1 liter.

Gel loading buffer10X (50 ml):

Ficoll 400 10 g; 0.1M disodium EDTA 0.5 M 10 ml (pH 8), SDS 0.5 g, Bromophenol

blue 0.125 g, Xylene cyanol 0.125 g. The mixture is brought to 50 ml with H2O and

then heated at 65∘C to dissolve.

Glycerol solution (100 ml):

Glycerol 65 ml, MgSO4 1M 10 ml, Tris 1M 2.5 ml (pH 8). The solution is autoclaved

and stored at room temperature.

IPTG solution 0.1M (50 ml):

IPTG 1.2 g, bring to 50 ml final volume with ddH2O. The solution is filter-sterilized

and stored at 4∘C.

X-Gal (2ml):

5-bromo-4-chloro-3-indolyl-�-D-galactoside 100 mg, N,N’- dimethyl-formamide 2 ml.

The solution is covered with aluminum foil and stored at -20∘C.

TBE 10 (1L)) : Tris 108 g; Boric acid 55 g, EDTA 0.5M (pH 8) 40ml, H2O is added

to bring to 1 L. The mixture is autoclaved and stored in room temperature.
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TBE 1x (1L): TBE 10x 100 ml, add H2O to bring to 1 L and store in room temper-

ature.

Agarose Gel 1% (100 ml):

Agarose 1g, ddH2O is added to bring to 100 ml, and then put in microwave to dissolve.

The solution is then cooled to 50∘C and poured to gel electrophoresis apparatus.

2.3 Culture Conditions

2.3.1 Short-term Cultures

A single colony was taken from the stock by a loop and the loop was streaked on an

agar plate (YPD agar for yeast and LB agar for bacteria) to get single colonies. The

plates were then incubated on 37∘C overnight. The plates were then stored at 4∘C for

about 1-2 months. Single colonies were also used to inoculated liquid media (YPD

broth for yeast and LB broth for bacteria).

2.3.2 Long-term Cultures

For long term cultures, two methods are used, slant stock and glycerol stock.

Slant stock:

A loop of cells taken from a single colony of yeast or bacterial cells was streaked on

a slant agar in a bottle with a cap, the bottle was then incubated at 37∘C overnight.

The slants then were stored at 4∘C up to 6 months.

Glycerol Stock:

A single colony of yeast or bacterial cells was inoculated into 50 ml liquid media (YPD

broth for yeast and LB broth for bacteria) in a 500 ml flask, and then the culture was

grown overnight at 37∘C with moderate shaking (250 rpm). The overnight culture

(0.5 ml) was added into a 2 ml plastic cryovial with a screw cap together with glycerol

solution (0.5 ml). The tube was vortexed to mix the two components and then stored

at -80∘C.
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2.4 E. coli Compotent Cell Preparation

A single colony of E. coli cells (strain DH 5 �) was inoculated into 50 ml of LB

medium (500 ml flask), and was grown overnight at 37∘C (18 h 10 mins) with moderate

shaking (250 rpm). The culture (4 ml) was inoculated into 400 ml LB medium, and

was grown at 37∘C with shaking at 250 rpm to an OD 590 of 0.375. The culture

was then aliquoted into 8 tubes (50-ml prechilled, sterile polypropylene tubes), and

the tubes were left on ice for 10 mins. After that the tubes were centrifuged for 7

mins at 1600g (3000 rpm). The supernatants were poured off and each pellet was

resuspended in a 10 ml-ice cold CaCl2 solution. The resuspended cells were kept

on ice for 30 mins. After centrifugation at 1100g (2500 rpm), 4∘C for 5 mins, the

supernatants were discarded and each pellet was resuspended in 2 ml ice-cold CaCl2

solution. The tubes were then put on ice in a cold room for 24 hours. After that, the

cells were dispensed into prechilled sterile ependrof tubes (250 �l aliquots per tube)

and the tubes were freezed immediately at -80∘C.

2.5 Primers

Primers used in these studies were designed using MacVector software (MacVector

Inc, www.macvector.com). Primers used for sequencing of the whole YWP1 gene

are shown in Table 2.4. All of these primers were purchased from Invitrogen life

technologies (Invitrogen New Zealand Limited).

Primers used for PCR amplification and the sequencing of repeat regions of YWP1,

HWP1, and EAP1 genes are shown in Table 2.5. Primer HWP1F was purchased from

Applied Biosystems (Foster City CA, USA), and all other primers were purchased from

Invitrogen life technologies (Invitrogen New Zealand Limited).
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Table 2.4: Primers for sequencing of the YWP1 gene.

No Primer Name Primer Sequence

1 YWP1F1 CTTTCCTTTTCCTCTTTCCCTCC
2 YWP1R1 GGTGGGGGTATATTGTCTTATGCG
3 YWP1F2 GTTGTTGATTTGGACACTGG
4 YWP1R2 TTTCACCTTGAGTTGGGC
5 YWP1F3 GGTGCTAATGGTGAATCCAC
6 YWP1R3 TAGCACCAGTAGCAGTAGCG
7 YWP1F4 GGTGAACAACATCAACCAGG
8 YWP1R4 CAAGAGTAGAACCTTCAAGAGC
9 M13F GTAAAACGACGGCCAG
10 M13R CAGGAAACAGCTATGAC

2.6 PCR

2.6.1 PCR (Gel Electrophoresis)

Amplification was directly performed on C. albicans colonies from YPD plates. A

single colony was picked using a sterile white pipette tip and cells were then sus-

pended in 20 �l of the reaction mixture including 2 �l 10x PCR buffer (Roche), 2.5

�l 2mM concentration of each deoxynucleoside triphosphate (Roche), 1 �l 10 �mol/l

of the nonlabeled reverse and forward primers of each gene (Invitrogen or Applies

Biosystems) (see Table 2.5 on page 24), 0.2 �l of 5 units/�l Taq Polymerase (Roche),

and 13.3 sterile distilled water. The samples were then initially incubated for 5 mins

at 96∘C to break the cells and denature the DNA. The temperature cycling (30 cycles

at 94∘C for 15 s, 51∘C for 30 s and 72∘C for 1 min) was performed in a thermal

cycler. The final cycle was followed by an additional 10 mins at 72∘C to complete the

polymerization.

2.6.2 Gel Electrophoresis

To make agarose gel, 1 g agarose was mixed with 100 ml 1x TBE buffer. The mixture

was heated in a microwave oven to dissolve the agar. The solution was cooled to

50∘C before poured into a gel casting unit. After the gel was formed, the comb was
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Table 2.5: Primers for PCR amplification and the sequencing of repeat regions of
the YWP1, HWP1, and EAP1 genes. For sequencing, the forward primers used were
without label.

Primer Name Primer Sequence Note

YWP1AF AGTAGTGGTGATTCTGCC without label
YWP1AR CCAGCAACGGTATTTTCC without label
YWP1BF TCAAGTTCTGCTTCCCCATCG label with HEX On 5’
YWP1BR CGTGGACCGTAGTGACACCAATAC without label
HWP1F ACAGGTAGACGGTCAAGGTGAAAC label with NED On 5’
HWP1R GGAATAGGAGGATTGTCATCAGGC without label
EAP1AF TAAGTGTTCGGTTTCATCAG label with HEX On 5’
EAP1AR ACATCCACCTTCGGGACAGC without label
EAP1BF CCAAATGTGATGGCGGTTC label with 6-FAM on 5’
EAP1BR GGTGTACTTGAAGCTGTCTCAGTG without label

removed and the gel casting unit was put into an electrophoresis tank. Into the tank,

1x TBE buffer was added until the entire gel surface was covered by the buffer. Two

�l of 10xgel loading buffer was mixed with the PCR products and then the mixture

was loaded into a gel well. Twenty �l of 1KB+ DNA ladder was also loaded into a gel

well as a size marker. The gel was run on 90 V until the loading buffer dye reached

approximately 75% of the gel length. The gel was removed from the tank, and then

was immersed in the ethidium bromide solution (0.5 �g/ml water) for 20 mins. The

gel was immersed again in the water for another 20 mins before it was photographed

using a Gel Doc UV transilluminator.

2.6.3 PCR (Genotyping)

Amplification was directly performed on C. albicans colonies from YPD plates. The

colonies were harvested with a single use pipette tip and cells were then suspended in

20 �l of the reaction mixture. For EAP1 (1) or EAP1 (2), the reaction mixture included

2 �l 10x PCR buffer (Roche), 2.5 �l 2mM concentration of each deoxynucleoside

triphosphate (Roche), 1 �l 10 �mol/l of the nonlabeled reverse and labeled forward

primers of the gene (Invitrogen or Applies Biosystems) (see Table 2.5), 0.2 �l of 5

units/�l Taq Polymerase (Roche), and 13.3 sterile distilled water. The samples were
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then initially incubated for 5 mins at 96∘C to break the cells and denature the DNA.

The temperature cycling (30 cycles at 94∘C for 15 s, 51∘C for 30 s and 72∘C for 1

min) was performed in a thermal cycler. The final cycle was followed by an additional

20 mins at 72∘C to complete polymerization. For multiplex reaction of YWP1 and

HWP1, the reaction mixture included 2 �l 10x PCR buffer (Roche), 2.5 �l 2mM

concentration of each deoxynucleoside triphosphate (Roche), 0.5 �l 10 �mol/l of the

nonlabel reverse and forward primers of each gene(Invitrogen or Applies Biosystems)

(see Table 2.5), 0.2 �l 5 units/�l Taq Polymerase (Roche) and 13.3 sterile distilled

water. The samples were then initially incubated for 5 mins at 96∘C to break the cells

and denature the DNA. The temperature cycling (30 cycles at 94∘C for 15 secs, 51∘C

for 30 s and 72∘C for 1 min) was performed in a thermal cycler. The final cycle was

followed by an additional 20 mins at 72∘C to complete the polymerization.

2.6.4 Genotyping

For genotyping, fluorescent dye 5’-end labeled primers: EAP1(2)-FAM (blue), YWP1-

HEX (Green), Eap1(1)-HEX (Green), and HWP1-NED (Yellow) were used. The PCR

products were diluted by 10 times and sent to The Allan Wilson Centre (Massey

University) for genotyping using a 3730 genetic analyzer. The 1200 LIZ- size standard

(Applied Bio systems) was used as the internal standard for fragment sizing. The

software Peak Scanner (Applied Bio system was used to analyse the results).

2.7 DNA Sequencing

2.7.1 PCR

The whole gene or repeat regions of the genes were amplified by PCR in 50 �l reaction

mixture per strain (see section 2.6.1 on page 23). Ten �l of the PCR product was used

to examine the product in a gel electrophoresis (see section 2.6.2 on page 23). The rest

of PCR product was purified with high pure PCR product purification kit (Roche)

according to the product’s instructions. DNA concentration of the PCR products
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was measured using Quant-iT TM DS DNA BR Assay Kit and QuBit fluorometer

according to the manufacturer’s instructions.

2.7.2 Ligation

The purified PCR products were ligated to TA-cloning vector using pLUG-Multi TA-

cloning vector kit (Intron) according to the manufacturer’s instructions. Ligation

mixture (10 �l) included 1 �l TA vector, 1-4 �l PCR product (depend on the concen-

tration of PCR product), 3-6 �l distilled buffer (depend on volume of PCR product),

1 �l 10xligation buffer and 1 �l T4 DNA ligase. The tubes were incubated overnight

at 4∘C.

2.7.3 Transformation

For each transformation, 100 �l of E. coli competent cells were dispensed into the

tube containing 10 �l of ligation mixture. Another 100 �l of E. coli competent cells

were dispensed into another tube for negative control. The tubes were swirled gently

and placed on ice for 10 mins. The cells were then heat -shocked by placing the tubes

into a 42∘C water bath for 2 mins. After that, the tubes were put immediately on ice

for 2 mins. One ml of LB medium was added to each tube and the tubes then were

placed on a shaker at 250 rpm for 1 h at 37∘C.

2.7.4 Selection of Transformed Cells

On the surface of LB-Amp plates, 100 �l of 100 mM IPTG and 20 �l of 50 mg/�l

X-Gal were spread and dried at 30∘C for 15 mins. The transformed cells (100 �l)

were then spread on the plate surface and the plates were then incubated at 37∘C for

16 hours. PCRs were conducted to amplify the insert region using white colonies and

M13F or M13R. The PCR reaction and PCR programme were the same as explained

above except the reaction mixture was initially incubated for 3 mins at 96∘C. Ten

�l of the PCR product were separated on 1% agarose gel to identify the colonies

that had the right insert size. The rest of the PCR products (40 �l) of the colonies
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with the right insert size were purified using high pure PCR product purification kit

(Roche) according to the product’s instructions and then the DNA concentrations

were measured using QuBit fluorometer according to the manufacturer’s instructions.

2.7.5 Sample Preparation for Sequencing

The DNA sequencing reaction (15 �l) included the DNA prepared above (2-10 �l), 1

pmol/ �l forward primer or reverse primer of each gene (3.2 �l), and distilled water

(adjusted). The reaction mixtures were then sent to The Allan Wilson Centre (Massey

University) for analysis on the ABI3730 DNA Analyser.

2.7.6 Sequencing Data Analysis

The sequencing results received from The Allan Wilson Centre were analysed using

MacVector software.

2.8 Preparations and Analysis of Isolates Derived

from Repeated Sub-Culture (300 Generations)

of A singe Parental Strains of C. Albicans

A single colony of strain RIHO 30 taken from a YPD overnight-grown plate culture

was inoculated into a tube containing 2 ml of sterile YPD medium. The culture

was grown at 37∘C for 12 hours. The cultures (10 �l) were then inoculated into

another tube containing 2 ml of sterile YPD medium and the tube was incubated

for 12 hours or 24 hours. Ten �l of the cultures were then transferred again into a

new tube containing 2 ml of sterile YPD medium. The process was repeated until

the cells reached 300 generations. After the incubation time, the optical density

of the culture was measured using spcectrophotometer (Nova Tech.) at 600 nm to

determine the number of cell generations. For the first 8 transfers, after the incubation

time the optical density of the culture were measured using spcectrophotometer (Nova
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Tech.) at 600 nm to determine the number of cell generations. The data were then

used to calculate the number of transfers required for reaching 300 generations. Two

hundreds �l of the last culture were spread on a the surface of YPD agar plate, and

the plates were incubated at 37∘C overnight. The cells grown on the agar surface

were then transferred into a tube containing 5 ml of distilled water. The culture was

diluted and spread on three YPD agar plates with approximately 100 cells per agar.

The plates were incubated at 37 ∘C overnight and 60 single colonies were randomly

chosen to determine allele size of the repeat regions of YWP1, HWP1 and EAP1 by

genotyping. The 300 generation samples were prepared by Zhuo Zhou [52].

2.9 Statistical Analysis

Statistical analysis used in this study include the Chi-square tests and the t test. There

are 2 Chi-square tests used: the Chi-square goodness of fit test, and the Chi-square

test for contingency tables. The Chi-square goodness of fit test was used to check

whether particular allele combinations or an alleles predominated in a group of strains

compared to other allele combinations or alleles in the same group. Thus the test

checks whether the frequency of a certain allele combinations or alleles is significantly

higher than the observed frequencies of the other allele combinations or alleles. The

Chi-square test for contingency tables was used to check whether the predominant

allele combinations or alleles in a group of strains overrepresents compared to those

particular allele combinations or alleles in the other group of strains. Thus it checks

whether the frequency of predominant allele combinations or alleles in a group of

strains is significantly higher than those particular allele combinations or alleles in

the other group of strains. The t-test was used to check the significant difference

between two means of the differences in the number of repeat units in the two alleles

in an individual strain. The procedure of statistical analysis in this study follows the

standard statistics textbook written by Sheskin [71].



Chapter 3

Alleles of the YWP1 Gene

This chapter describes the results of the allelic characterization of the YWP1 gene

in strains of interest, which is aimed to determine whether YWP1 is a contingency

gene, i.e. whether YWP1 has a role in adaptation by changing the number of repeat

units within the coding sequences. For this purpose, the allelic distribution of YWP1

in GPG and non-GPG strains, in commensal and infection strains, and in strains

isolated from different sites of the humans body were compared one to another. For

a contingency gene, GPG and non-GPG strains, two groups of strains with different

genetic backgrounds, should select the same alleles, which are advantageous alleles. A

comparison of the allelic distributions of the YWP1 gene in commensal and infection

strains, and in strains isolated from different sites of the humans body, respectively,

is to observe whether YWP1 acts as a contingency gene, when the C. albicans state

changes from commensal to pathogenic, and when it moves to particular sites of the

humans body.

The chapter begins with a description of the identification of the repeat units in

YWP1, where two regions in the gene were identified to contain repeat units. This is

followed by two sections containing the results of the characterization of the YWP1

alleles for each repeat region. In the first section, since there was no variability in

the number of repeat units observed, the analysis was not continued. The second

section contains the results of the allelic characterization of YWP1 for GPG and

non-GPG strains of infection strains, two groups of strains with different genetic

29
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backgrounds, and the results of the allelic characterization for the commensal strains,

for comparison with the infection strains. Analysis of the diversity of the alleles and

allele combinations, and analysis of combination of the two alleles in an individual

strain for all strains of interest are explained before the description of the results of

the allelic characterization of YWP1 for strains isolated from different sites of the

humans body. The chapter ends with a discussion of the biological implications of

the results.

3.1 Identification of the Repeat Units in theYWP1

Gene

The repeat units in YWP1 were identified using MacVector software (MacVector Inc,

www.macvector.com) to analyse the DNA sequence of YWP1 from strain SC5314,

downloaded from www.candidagenome.org. In MacVector, the nucleotide chain of a

particular gene was arranged from the top to the bottom of the vertical axis, and

from the left to the right of the horizontal axis starting from the 5’ end. This forms

a square matrix, and each edge repeats the length of the YWP1 sequence. With this

method, there are dots forming a diagonal line from top left to the bottom right. The

line is formed by dots which are a consequence of the fact that at those positions,

the vertical and horizontal axis refers to the same nucleotide. The presence of a

symmetric pattern of dots in the matrix distinct from the diagonal line indicates

regions containing repeat units. The result of the DNA sequence analysis of YWP1

from strain SC5314 is shown in Figure 3.1.

Primers YWP1AF and YWP1AR (see Table 2.5 on page 24) were designed to

amplify the region from nucleotide 607 - 1424 (818 bp), which is a region contain-

ing repeat units, and for convenience is called repeat region 1. Primers YWP1BF

and YWP1BR (see Table 2.5 on page 24) were designed to amplify the region from

nucleotide 493 - 766 (274 bp), which is a region containing repeat units, and for

convenience is called repeat region 2.
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Figure 3.1: Identification of the repeat unit in YWP1 using MacVector software
(top figure). The identification was performed on the DNA sequence of YWP1 from
strain SC5314 downloaded from www.candidagenome.org. The grey and black thick
lines indicate regions amplified, i.e. nucleotide 607 - 1424 (818 bp) for region 1 and
nucleotide 493 - 766 (274 bp) for region 2 (bottom figure).
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3.2 Results of Allelic Characterization of the YWP1

Gene For Repeat Region 1

Repeat region 1 of the YWP1 gene from each strain of interest was amplified by

PCR, and the amplicons were characterized by length using gel electrophoresis. Later,

genotyping replaced gel electrophoresis as the characterization method of choice.

3.2.1 Allelic Characterization of the YWP1 Gene For Re-

peat Region 1 in GPG and non-GPG strains (Infection

Strains)

Alleles of the YWP1 gene for repeat region 1 in two groups of infection strains, GPG

and non-GPG strains, were characterized. For convenience, in the rest of the text,

GPG and non-GPG infection strains will be referred to as GPG and non-GPG strains.

Results of fragment separation using gel electrophoresis for repeat region 1 of

YWP1 in GPG strains showed that all 20 strains had allele combinations containing

850 and 850 bp fragment length. Figure 3.2.a shows the gel electrophoresis fragment

separation of repeat region 1 of YWP1 for some GPG strains. Identical results were

observed for 33 non-GPG strains tested. Figure 3.2.b shows the gel electrophoresis

fragment separation of repeat region 1 of YWP1 for some non-GPG strains. The

results indicate that there is no repeat variability in repeat region 1 of YWP1 in

infection strains.

3.2.2 Allelic Characterization of the YWP1 Gene For Repeat

Region 1 in Commensal Strains

As GPG strains have similar genetic background, only GPG commensal strains were

characterized to be compared to GPG infection strains. For convenience, in the rest of

the text, when comparing commensal and infection strains, GPG commensal strains

will be referred to as commensal strains, and GPG infection strains will be referred

to as infection strains.
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Figure 3.2: The gel electrophoresis fragment separation of repeat region 1 of YWP1

for: a. GPG strains, and b. non-GPG strains. All strains show the same fragment
size (850 bp).
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Results of fragment separation using gel electrophoresis for repeat region 1 of

YWP1 in commensal strains showed that 19 of 20 strains had allele combinations

containing 850 and 850 bp fragment length, i.e. the same allele combination observed

in infection strains. One strain (HMHC8) had an allele combination containing 600

and 850 bp fragment length. Figure 3.3 shows the gel electrophoresis fragment sepa-

ration of repeat region 1 of YWP1 for some commensal strains.

3.2.3 No Variability in Alleles of the YWP1 Gene For Repeat

Region 1

Since almost all strains have allele combinations containing 850-850 bp fragment

length, the YWP1 whole gene of four strains was sequenced to check the accuracy of

the gel electrophoresis results. The strains were HUN127, AU90, OD8824, and Var

1.7. Eight primers (see Table 2.4 on page 23) were designed for the sequencing. The

results showed that all strains have the same nucleic acid sequence on repeat region 1.

This indicates that repeat region 1 of the YWP1 gene is constant, i.e. there is no

repeat variability, and no allele diversity.

As indicated previously, there is a second repeat region in the gene between nu-

cleotides 493 and 766 in SC5314 (see Figure 3.1 on page 31). Figure 3.4.a shows

the results of the sequencing of YWP1 in the region containing repeat region 2 and

Figure 3.4.b shows the associated amino acid sequences. Based on the former figure,

it was determined that the repeat unit in repeat region 2 is GTTCTG. Thus, SC5314,

HUN127, and AU90 have 5 repeat units, WO1 and Var 1.7 have 8 repeat units, and

OD8824 has 10 repeat units. Hence, there is a variability in the number of repeat

units for repeat region 2 of YWP1.

Since there is no repeat variability in repeat region 1 of YWP1, this chapter will

focus more on repeat region 2. The results of the allelic characterization of YWP1

for repeat region 2 will be described in the following sections, and for convenience,

alleles of YWP1 for repeat region 2 will be referred to as alleles of YWP1.
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Figure 3.3: The gel electrophoresis fragment separation of repeat region 1 of YWP1

for some commensal strains. All strains show the same fragment size (850 bp), the
only exception being strain HMHC8 with an allele combination containing 600 and
850 bp.
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Figure 3.4: Results of the sequencing of the YWP1 gene in the area containing repeat
region 2 (a) and the associated amino acid sequences (b).



CHAPTER 3. ALLELES OF THE YWP1 GENE 37

3.3 Results of Allelic Characterization of the YWP1

Gene

3.3.1 Allelic Characterization of the YWP1 Gene in GPG

and non-GPG Strains (Infection Strains)

Alleles of the YWP1 gene in 49 GPG strains and 47 non-GPG strain were character-

ized. Since C. albicans is diploid, the results are described for both alleles and allele

combinations.

Based on allele length, three different YWP1 alleles were found in GPG strains,

and eight in non-GPG strains. In total there were eight different alleles found in

infection strains. For the purpose of this study, each allele was characterized by the

number of repeat units it contained as well as by the fragment length. In order to

determine the number of repeat units, repeat region 2 of YWP1 of seven strains having

seven different alleles observed was sequenced. Primers YWP1BF and YWP1BR

(see Table 2.5 on page 24) were used for sequencing. The repeat unit identified by

DNA sequencing was GTTCTG which encodes the amino acid sequence SG; this is

consistent with the results of sequencing of theYWP1 gene for four strains shown

previously. The frequency of alleles of YWP1 found in GPG and non-GPG strains is

summarized in Table 3.1, and presented graphically in Figure 3.5.

Figure 3.5 shows that YWP1 alleles containing 5 repeat units predominated in

GPG strains, i.e. the frequency of alleles containing 5 repeat units is significantly

higher than the combined observed frequency of other alleles (the Chi-square good-

ness of fit test, p < 0.001). Likewise, YWP1 alleles containing 5 and 8 repeat units

predominated in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). Al-

leles containing 5 repeat units were overrepresented in GPG strains (95%), compared

to non-GPG strains (38%), i.e. the Chi-square test for contingency tables showed a

significant difference in the distribution of YWP1 alleles containing 5 repeat units

between GPG and non-GPG strains (p < 0.001). In addition, YWP1 alleles contain-

ing 8 repeat units were overrepresented in non-GPG strains (38%), compared to GPG
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Table 3.1: Frequency of alleles of YWP1 in GPG and non-GPG strains. Alleles are
represented by the fragment length and the number of repeat units.

Allele Frequency
No Length (bp) No. of repeats GPG strains Non-GPG strains Total

1 275 5 93 36 129
2 287 7 0 7 7
3 293 8 4 36 40
4 299 9 1 1 2
5 305 10 0 10 10
6 317 12 0 2 2
7 329 14 0 1 1
8 335 15 0 1 1

Total 98 94 192

strains (4%), i.e. the Chi-square test for contingency tables showed a significant differ-

ence in the distribution of YWP1 alleles containing 8 repeat units between GPG and

non-GPG strains (p < 0.001). Similar results were also observed in strains isolated

from oral sites as shown in Figure 3.6. These results show that GPG and non-GPG

strains have the same predominant alleles, i.e. alleles containing 5 repeat units, but

non-GPG strains have additional predominant alleles, i.e. alleles containing 8 repeat

units.

The number of different allele combinations of YWP1 found in GPG strains was

four, compared to 12 combinations in non-GPG strains. In total there were 13 dif-

ferent allele combinations of YWP1 found in infection strains. The frequency of

allele combinations of YWP1 found in GPG and non-GPG strains is summarised in

Table 3.2, and presented graphically in Figure 3.7.

Figures 3.7 shows that allele combinations of YWP1 containing 5 and 5 repeat

units predominated in GPG strains, i.e. the frequency of allele combinations contain-

ing 5 and 5 repeat units in GPG strains is significantly higher than the combined

observed frequency of other allele combinations (the Chi-square goodness of fit test,

p < 0.001). Likewise, allele combinations of YWP1 containing 5 and 8 repeat units

predominated in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). Al-

lele combinations containing 5 and 5 repeat units were overrepresented in GPG strains
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Figure 3.5: Distribution of alleles of YWP1 for: a. GPG strains, and b. non-GPG
strains. N represents 2 times the number of strains in a particular group, as there are
2 alleles per strain. Alleles containing 5 repeat units predominated in GPG strains,
and alleles containing 5 and 8 repeat units predominated in non-GPG strains (the
Chi-square goodness of fit test, p < 0.001). Alleles containing 5 repeat units were
overrepresented in GPG strains compared to non-GPG strains, and alleles containing
8 repeat units were overrepresented in non-GPG strains compared to GPG strains
(the Chi-square test for contingency tables, p < 0.001).
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Figure 3.6: Distribution of alleles of YWP1 for: a. GPG strains, and b. non-GPG
strains, where all strains were isolated from oral sites. N represents 2 times the number
of strains in a particular group, as there are 2 alleles per strain. Alleles containing 5
repeat units predominated in GPG strains, and alleles containing 5 and 8 repeat units
predominated in non-GPG strains (The Chi-square goodness of fit test, p < 0.001).
Alleles containing 5 repeat units were overrepresented in GPG strains compared to
non-GPG strains, and alleles containing 8 repeat units were overrepresented in non-
GPG strains compared to GPG strains (the Chi-square test for contingency tables,
p < 0.001).
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Figure 3.7: Distribution of allele combinations of YWP1 for: a. GPG strains, and
b. non-GPG strains. N represents the total number of strains in a particular group.
For convenience, allele combinations of x and y are written as x-y, where x and y are
the number of repeat units. Allele combinations containing containing 5 and 5 repeat
units predominated in GPG strains (the Chi-square goodness of fit test, p < 0.001).
Likewise, allele combinations containing 5 and 8 repeat units predominated in non-
GPG strains (the Chi-square goodness of fit test, p < 0.001). Allele combinations
containing 5 and 5 repeat units were overrepresented in GPG strains, compared to
non-GPG strains, and allele combinations containing 5 and 8 repeat units were over-
represented in non-GPG strains, compared to that in GPG strains (the Chi-square
test for contingency tables, p < 0.001).
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Table 3.2: Frequency of allele combinations of YWP1 in GPG and non-GPG strains.
For convenience, allele combinations of x and y are written as x-y, where x and y are
the fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats GPG strains Non-GPG strains Total

1 275-275 5-5 46 5 51
2 275-293 5-8 1 18 19
3 275-299 5-9 0 1 1
4 275-305 5-10 0 6 6
5 275-335 5-15 0 1 1
6 287-287 7-7 0 3 3
7 287-293 7-8 0 1 1
8 293-293 8-8 1 6 7
9 293-299 8-9 1 0 1
10 293-305 8-10 0 2 2
11 293-317 8-12 0 2 2
12 293-329 8-14 0 1 1
13 305-305 10-10 0 1 1

Total 49 47 96

(94%), compared to non-GPG strains (11%), i.e. the Chi-square test for contingency

tables showed a significant difference in the distribution of these allele combinations

between GPG and non-GPG strains (p < 0.001). In addition, allele combinations

of YWP1 containing 5 and 8 repeat units were overrepresented in non-GPG strains

(42%), compared to GPG strains (2%), i.e. the Chi-square test for contingency tables

showed a significant difference in the distribution of these allele combinations between

GPG and non-GPG strains (p < 0.001). Similar results were also observed in strains

isolated from oral sites as shown in Figure 3.8. These results show that GPG and

non-GPG strains have distinct predominant allele combinations of YWP1.

3.3.2 Alleles of the YWP1 Gene in Commensal Strains

Alleles of the YWP1 gene from 35 commensal strains were characterized by length

using genotyping. Based on allele length, two different YWP1 alleles were found

in commensal strains, compared to three found in infection strains. The number of
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Figure 3.8: Distribution of allele combinations of the YWP1 gene for: a. GPG strains,
and b. non-GPG strains, where all strains were isolated from oral sites. N represents
the number of strains in a particular group. All allele combinations of GPG strains
contained 5 and 5 repeat units, and alleles containing 5 and 8 repeat units predom-
inated in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). Allele
combinations containing 5 and 5 repeat units were overrepresented in GPG strains
compared to non-GPG strains, and allele combinations containing 5 and 8 repeat units
were overrepresented in non-GPG strains compared to GPG strains (the Chi-square
test for contingency tables, p < 0.001).
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repeat units was determined using the sequencing results shown previously for the

infection strains. The frequency of alleles of YWP1 found in commensal strains is

summarized in Table 3.3, and presented graphically in Figure 3.9. For comparison,

the data from infection strains have been added in the table and the figure.

Table 3.3: Frequency of alleles of YWP1 in commensal strains. Alleles are represented
by the fragment length and the number of repeat units. For comparison, the data
from infection strains have been added.

Allele Frequency
No Length (bp) No. of repeats Commensal strains Infection strains Total

1 275 5 66 93 159
2 293 8 4 4 8
3 299 9 0 1 1

Total 70 98 168

Figure 3.9 shows the same pattern of allele distribution of YWP1 between com-

mensal and infection strains. Alleles containing 5 repeat units predominated in com-

mensal strains (the Chi-square goodness of fit test, p < 0.001). The percentage of

alleles containing 5 repeat units in commensal strains is 94% comparable to the one in

infection strains 95%. The result of the Chi-square test for contingency tables showed

no significant difference in the distribution of these alleles between commensal and in-

fection strains (p > 0.05). Similar results were also observed for strains isolated from

oral sites as shown in Figure 3.10. These results show that commensal and infection

strains have the same predominant alleles of YWP1.

The number of different allele combinations of YWP1 found in commensal strains

was two, compared to four combinations in infection strains. The frequency of allele

combinations of YWP1 found in commensal strains is summarized in Table 3.4, and

presented graphically in Figure 3.11. For comparison, the data from infection strains

have been added in the table and the figure.

Figures 3.11 shows the same pattern of the distribution of allele combinations

between commensal and infection strains. Allele combinations containing 5 and 5

repeat units predominated in commensal strains (the Chi-square goodness of fit test,

p < 0.001). The percentage of allele combinations containing 5 and 5 repeat units in
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Figure 3.9: Distribution of alleles of YWP1 for: a. commensal strains, and b. infection
strains. N represents 2 times the number of strains in the groups, as there are 2 alleles
per strain. Alleles containing 5 repeat units predominated in both commensal and
infection strains (the Chi-square goodness of fit test, p < 0.001). There is no signif-
icant difference in the distribution of these alleles between commensal and infection
strains (the Chi-square test for contingency tables, p > 0.05).
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Figure 3.10: Distribution of alleles of YWP1 for: a. commensal strains, and b. in-
fection strains, where all strains were isolated from oral sites. N represents 2 times
the number of strains in a particular group, as there are 2 alleles per strain. Alleles
containing 5 repeat units predominated in both commensal and infection strains (the
Chi-square goodness of fit test, p < 0.001). There is no significant difference in the
distribution of these alleles between commensal and infection strains (the Chi-square
test for contingency tables, p > 0.05).
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Figure 3.11: Distribution of allele combinations of YWP1 for: a. commensal strains,
and b. infection strains. N represents the number of strains in a particular group.
For convenience, allele combinations of x and y are written as x-y, where x and y
are the number of repeat units. Allele combinations containing 5 and 5 repeat units
predominated in both commensal and infection strains (the Chi-square goodness of
fit test, p < 0.001). There is no significant difference in the distribution of these
allele combinations between commensal and infection strains (the Chi-square test for
contingency tables, p > 0.05).
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Table 3.4: Frequency of allele combinations of YWP1 in commensal strains. For
comparison, the data from infection strains have been added. For convenience, allele
combinations of x and y are written as x-y, where x and y are the fragment length in
bp or the number of repeats.

Allele Combination Frequency
No Length (bp) No. of repeats Commensal strains Infection strains Total

1 275-275 5-5 33 46 79
2 275-293 5-8 0 1 1
3 293-293 8-8 2 1 3
4 293-299 8-9 0 1 1

Total 35 49 84

commensal strains is 94%, the same as in infection strains. The result from the Chi-

square test for contingency tables showed no significant difference in the distribution of

these allele combinations between commensal and infection strains (p > 0.05). Similar

results were also observed for strains isolated from oral sites as shown in Figure 3.12.

These results show that commensal and infection strains have the same predominant

allele combinations.

3.3.3 Diversity of Alleles of the YWP1 Gene

In this section, the diversity of alleles and allele combinations of YWP1 is analysed.

The intension was to compare the diversity of GPG and non-GPG strains, and the

diversity of commensal and infection strains. A comparison of the allele diversity of

GPG and non-GPG strains may provide insights into the influence of the genetic di-

versity on allele diversity of the gene (GPG strains have smaller genetic diversity than

non-GPG strains). A comparison of the allele diversity of commensal and infection

strains may provide insights into the influence of the immune status of the host on

allele diversity.

The diversity is quantified by the index of diversity � which is defined as,

� = 1−
1

N(N − 1)

k
∑

i=1

ni(ni − 1), (3.1)

where k is the number of different alleles or allele combinations, N is the number



CHAPTER 3. ALLELES OF THE YWP1 GENE 49

0

20

40

60

80

100
b. Infectious strains

 Allele combination (Number of repeat units)
 

 

Fr
eq

ue
nc

y 
(%

)

N = 15

0

20

40

60

80

100

5 
- 8

a. Commensal strains

N = 18

 

 

 

Oral-YWP1

5 
- 5

Figure 3.12: Distribution of allele combinations of YWP1 for: a. commensal strains,
and b. infection strains, where all strains were isolated from oral sites. N represents the
number of strains in a particular group. For convenience, allele combinations of x and
y are written as x-y, where x and y are number of repeat units. Allele combinations
containing 5 and 5 repeat units predominated in both commensal and infection strains
(the Chi-square goodness of fit test, p < 0.001). There is no significant difference in
the distribution of these allele combinations between commensal and infection strains
(the Chi-square test for contingency tables, p > 0.05).
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of strains, and ni is the number of strains having ith allele or allele combination.

Equation 3.1 is the Simpson’s index of diversity [72, 73]. The values of � range from

a minimum of 0 when all strains have the same alleles or allele combinations to 1

when every strain has different alleles or allele combinations. In determining � for

allele combinations, N is considered as the number of strains, while in determining �

for alleles, N is considered as the number of strains multiplied by 2, as there are two

alleles per strain.

Table 3.5: Index of diversity � of the alleles and the allele combinations of YWP1 for
GPG, non-GPG (infection), and (GPG) commensal strains.

Index of Diversity
Strains Allele Allele Combination

GPG 0.10 0.12
Non-GPG 0.69 0.82

Commensal (GPG) 0.11 0.11

The � values for both the alleles and the allele combinations of YWP1 for GPG,

non-GPG, and commensal strains are summarized in Table 3.5, and presented graph-

ically in Figure 3.13.

The results show that the diversity of the alleles and the allele combinations is

influenced by the genetic diversity of the strains: GPG strains with less genetic diver-

sity have smaller allele diversity than non-GPG strains with large genetic diversity.

In contrast, infection and commensal strains have similar diversity, i.e. allele diversity

is independent of whether the strains exhibit a commensal or an infection phenotype.

3.3.4 Analysis of the Combination of the Two Alleles of YWP1

in an Individual Strain

In this section, the combination of the two alleles of YWP1 in an individual strain

among strains of interest is analysed. The section starts with a description of the

distribution of the differences in the number of repeats between the two alleles, from
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Figure 3.13: Index of diversity � of the alleles and the allele combinations of YWP1

for GPG, non-GPG (infection), and (GPG) commensal strains.



CHAPTER 3. ALLELES OF THE YWP1 GENE 52

which the proportion of homozygous and heterozygous alleles is identified: zero dif-

ference denotes homozygous alleles, while a difference indicates heterozygous alleles.

The section ends with a calculation of the mean of the differences in the number of

repeats between the two alleles in an individual strain among strains of interest.

Figure 3.14 shows the distribution of differences in the number of repeats between

the two alleles of YWP1 in an individual strain for infection and commensal strains.

The percentages of homozygous alleles of YWP1 found in GPG, non-GPG, and com-

mensal strains are 96%, 32%, and 100%, respectively.

The number of homozygous alleles in each group was compared to those expected if

the combination of the alleles was random, taking allele frequency into consideration.

For this purpose, a matrix with a size equal to the square of 2 times the number of

strains analysed was generated. With this scenario, there are 9604 allele combinations

of 49 GPG strains, 8836 of 47 non-GPG strains, and 4900 of 35 commensal strains.

The number of homozygous and heterozygous alleles from random data was identified,

and the Chi-square test for contingency tables was used to determine whether the

number of homozygous or heterozygous alleles between the observed and random data

is significantly different or not. The frequency of homozygotes and heterozygotes of

YWP1 for the data observed and those expected from random alleles is summarized in

Table 3.6, and is presented graphically in Figure 3.15. The figure shows no significant

difference between the number of homozygotes observed and those expected by chance

for GPG and non-GPG strains (the Chi-square test for contingency tables , p>0.1).

However, for commensal strains, the number of homozygotes is significantly larger

than those expected by chance (the Chi-square test for contingency tables, p<0.05),

i.e. YWP1 exhibits significant excesses of homozygotes in commensal strains.

The mean (± standard deviation) of the difference in the number of repeats

between the two alleles in an individual strain was determined to be 0.08 ± 0.45,

2.49± 2.16, and 0± 0, for GPG, non-GPG, and commensal strains, respectively. The

result of the t-test between the two means of GPG and non-GPG strains showed that

the two alleles in a GPG strain are significantly more similar to each other than the

alleles in a non-GPG strain (p < 0.001). The result of t-test between the two means of
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test for contingency tables, p<0.005), i.e. YWP1 exhibits significant excesses of
homozygotes in commensal strains.
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Table 3.6: The number of homozygous alleles in GPG, non-GPG, and commensal
strains compared to the expected number by chance. N indicates the number of data.

Number of homozygous alleles Significance
Strains Observed data (N) Expected data (p)

GPG 47 (49) 44 p > 0.1
Non-GPG 15 (47) 14 p > 0.1
Commensal 35 (35) 31 p < 0.05

(GPG) commensal and infection strains showed no significant difference between the

two means (p > 0.1); the two alleles in a commensal strain did not differ significantly

from the two alleles in an infection strain.

To determine whether the difference in the number of repeats between the two

alleles in an individual strain is random or non-random, the means of the differences

between the two alleles in an individual strain observed among strains of interest were

compared to the means expected if all alleles could be combined randomly, taking

allele frequency into consideration. As explained at the beginning of this section, a

matrix with the size equal to square of 2 times the number of strains analysed was

generated.

For GPG strains, the mean (± standard deviation) of the differences expected

from random alleles was determined to be 0.31 ± 0.95. The result of t-test between

this mean and the mean from observed data of 0.08±0.45 showed that the two alleles

in a GPG strain are significantly more similar to each other than expected by chance

(p < 0.05). For non-GPG strains, the mean (± standard deviation) of the differences

expected from random alleles was determined to be 2.23 ± 2.08. The result of t-test

between this mean and the mean from observed data of 2.40± 1.81 showed that the

two alleles in a non-GPG strain did not differ significantly from those expected by

chance (p > 0.10). For commensal strains, the mean (± standard deviation) of the

differences expected from random alleles was determined to be 0.32±0.96. The result

of t-test between this mean and the mean from observed data of 0± 0 concludes that

the two alleles in a commensal strain are significantly more similar to each other than
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expected by chance (p < 0.01). The mean (± standard deviation) of the differences

from observed data, data expected from random alleles, and their significance are

summarized in Table 3.7.

Table 3.7: The mean (± standard deviation) of the differences in the number of repeats
between the two alleles of the YWP1 gene in an individual strain from observed data,
data expected from random alleles, and their significance. N indicates the number of
data.

Mean Differences (± SD) Significance
Strains Observed Differences (N) Expected Differences (N) (p)

GPG 0.08 ± 0.45 (49) 0.31 ± 0.95 (9604) p < 0.05
Non-GPG 2.40 ± 1.81 (47) 2.23 ± 2.08 (8836) p > 0.10
Commensal 0 ± 0 (35) 0.32 ± 0.96 (4900) p < 0.01

3.3.5 Allelic Distribution of YWP1 in Strains Isolated From

Different Sites of the Humans Body

In this section, C. albicans strains were grouped according to the sites of the humans

body they were isolated from, and the allelic distributions of YWP1 in strains from

each site are compared one to another. This comparison is to observe whether partic-

ular alleles or allele combinations of the YWP1 gene might confer selective advantages

to C. albicans in the various environmental conditions unique to different sites of the

humans body.

Figure. 3.16 shows the distribution of alleles of YWP1 in strains isolated from

different sites of the humans body. The distributions of alleles at all sites appear

similar; alleles containing 5 repeat units predominated at all sites (the Chi-square

goodness of fit test, p < 0.001). Result from the Chi-square test for contingency tables

showed no significant difference in the distribution of alleles containing 5 repeat units

between any two sites for all sites sampled (p > 0.05). In addition, alleles containing

8 repeat units existed at all sites.

Figure. 3.17 shows the distribution of allele combinations of YWP1 in strains iso-

lated from different sites of the humans body. The distributions of allele combinations
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Figure 3.16: Distribution of alleles of YWP1 in strains isolated from different sites of
the humans body. N represents 2 times the number of strains, as there are 2 alleles
per strain. Allele containing 5 repeat units predominated at all sites (the Chi-square
goodness of fit test, p < 0.001). There is no significant difference in the distribution
of alleles containing 5 repeat units between any two sites for all sites sampled (the
Chi-square test for contingency tables, p > 0.05). In addition, alleles containing 8
repeat units existed at all sites.
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at all sites appear similar; allele combinations containing 5 and 5 repeat units pre-

dominated at all sites (the Chi-square goodness of fit test, p < 0.001). Result from

the Chi-square test for contingency tables showed no significant difference in the dis-

tribution of allele combinations containing 5 and 5 repeat units between any two sites

for all sites sampled (p > 0.05).

These results show that strains isolated from different sites of the humans body

have the same predominant alleles and allele combinations, which means that there is

no specific allele or allele combination of the YWP1 gene selected for at specific sites.

3.4 Discussion

The aim of this particular study of the YWP1 gene was to find out whether YWP1

is a contingency gene, i.e. whether YWP1 has a role in adaptation by changing

the number of repeat units within the coding sequences. For this purpose, allelic

distribution of YWP1 in GPG and non-GPG strains, in commensal and infection

strains, and in strains isolated from different sites of the humans body was examined

and compared one with another.

3.4.1 Variability in the number of YWP1 repeats

This study reveals that there is a variability in the number of YWP1 repeats observed

from different strains. From 96 infection strains, eight different alleles were detected,

which formed 13 different allele combinations. Likewise, two different alleles were

detected in 35 commensal strains (GPG) which formed two different allele combina-

tions. From total 131 strains, there were eight different alleles detected which form

13 different allele combinations. The allele differences are caused by the addition or

removal of a repeat unit or units.

A variability in the number of repeats of other genes has also been reported. The

genes include EF3 [47], CEK1, HYR1, HYR2 [31], Rlm1 [48], ALS [49], ALS7 family

[32], ALS3 [27], ALS5, ALS6 [33, 50], PNG2 [51], and SSR1 [52]. In addition to these

genes, HWP1 and EAP1 are described in the following two chapters. The number of
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Figure 3.17: Distribution of allele combinations of YWP1 in strains isolated from
different sites of the humans body. N represents the number of strains for a particular
site. For convenience, allele combinations of x and y are written as x-y, where x and
y are the number of repeat units. Allele combinations containing 5 and 5 repeat units
predominated at all sites (the Chi-square goodness of fit test, p < 0.001). There is no
significant difference in the distribution of these allele combinations between any two
sites for all sites sampled (The Chi-square test for contingency tables, p > 0.05).
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different alleles detected varies from gene to gene, and is summarized in Table 3.8. The

variation in the number of repeats may relate to the degree to which a gene is involved

in adaptation; a pool of alleles is produced in such a way that the most suitable

alleles are selected for adaptation purposes [55, 74, 75]. Therefore, the variation in

the number of repeats may relate to the rate at which the a gene mutates; the more

variation in the alleles, the higher the mutation rate. A previous study revealed a

relationship between the diversity in bacterial population and the mutation rate of a

contingency gene; increasing the mutation rate three times increased the diversity of

the bacterial population by nine times [76].

If the cells are well adapted, most of the diverse alleles resulting from a high

mutation rate are likely to be deleterious due to their low fitness, i.e. once the cells

are well adapted, the advantages of high mutation rates are lost; this suggests that the

well-adapted cells tend to have low mutation rates [77], resulting in less allele diversity.

The fact that only 8 different alleles were observed in YWP1 may indicate that the

gene has a relatively low mutation rate, consequently may have a role in adaptation.

The relationship between the mutation rate of YWP1 and its allele diversity will be

discussed in Chapter 7, while the role of YWP1 in adaptation will be discussed in the

following section.

Variability in the number of repeats in some of C. albicans genes appears to relate

to the ability of C. albicans to adhere to the host. For example, it has been shown

that the number of repeats in ALS1, ALS3, and ALS5 correlates to the adherence

properties of C. albicans [27, 28, 29]. Using non-adherent S. cerevisiae cells to express

the truncated ALS1 gene lacking 15 of the 20 repeat units, it was found that the

ability of the cell to adhere decreased by 50% [28]. Studies on ALS3 with either 9

or 12 repeat units showed that proteins with 12 repeat units allow cells to adhere

more strongly than those with 9 repeat units [27]. Likewise, using non-adherent S.

cerevisiae to express Als5p with 0 to 6 repeats also showed an evidence that adherent

ability increases in proportion to the number of repeats [29].

In relation to the adherent ability, experimental studies on the YWP1 gene showed

that the product of this gene inhibits the adhesion of the yeast form of C. albicans
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Table 3.8: Number of different alleles detected in some C.albicans genes. The table
is arranged from the lowest to the highest numbers of different alleles observed. N
indicates the number of strains tested. * represents results from this study, i.e. YWP1

in this chapter, HWP1 and EAP1 in the two following chapters. EAP1 (1) and
EAP1 (2) indicate repeat regions 1 and 2 of EAP1 respectively, as there are two
repeat regions of EAP1 analysed.

Gene # of different alleles (N) Reference

HWP1 5 (131) *
ALS6 7 (372) [33]
YWP1 8 (131) *
CEF3 8 (60) [47]
ALS5 9 (277) [33]
ERK1 12 (113) [31]

EAP1 (1) 14 (131) *
ALS3 14 [27]
CEF3 16 (112) [31]
PNG2 17 (80 [51]
ALS1 24 (111) [31]
SSR1 24 (131) [52]

EAP1 (2) 24 (131) *
ALS7 60 (66) [32]

[60]. For example, when alleles of YWP1 were disrupted, the adherent ability of the

yeast cells increased, and when exogenous YWP1p was applied to cells, the adhesion

of the cells to plastic is inhibited. It was also found that the expression of YWP1 is

downregulated upon filamentation [60, 61]. It seems that YWP1p may have a role

in promoting the dispersal ability of the C. albicans in the yeast form. Since the

adherent ability of C. albicans appears to increase with increasing the number of

repeats [27, 28, 29], the observation that alleles containing 5 repeats, the minimum

number of YWP1 repeats observed, predominated in GPG and non-GPG strains, is

consistent with the role YWP1p may play in promoting the dispersal ability of the

C. albicans.
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3.4.2 GPG and non-GPG strains have distinct predominant

allele combinations, but share the same predominant

alleles of YWP1

Although GPG and non-GPG strains have distinct predominant allele combinations,

they share the same predominant alleles, but additional predominant alleles were ob-

served in non-GPG strains, different from those of GPG strains; allele combinations

containing 5 and 5 repeat units predominated in GPG strains, while alleles combina-

tions containing 5 and 8 repeat units predominated in non-GPG strains (see Figure 3.5

on page 39 and Figure 3.7 on page 41).

The percentages of the predominant allele combinations in GPG strains are larger

than in non-GPG strains. Consequently, the allele variation shown by the index of

diversity is systematically smaller in GPG strains compared to non-GPG strains (see

Figure 3.13 on page 51). The difference in the percentages of predominant allele

combinations in GPG and non-GPG strains may be due to the genetic diversity of

the strains, i.e. GPG strains with smaller genetic diversity (the mean genetic distance

between any two isolates 0.19 [56]) have a larger percentage of the predominant allele

combinations than non-GPG strains with larger genetic diversity (the mean genetic

distance between any two isolates 0.37 [56]).

The results of the predominant allele combinations of other C. albicans genes

in GPG strains have been shown previously by studies of ALS7, PNG2 and SSR1 ;

a particular allele combination was overrepresented in GPG compared to non-GPG

strains, 76 vs 25% for ALS7 [32], 80 vs 8% for PNG2 [51], and 30 vs 2.2% and 28

vs 0% for SSR1 [52] (SSR1 has two predominant allele combinations). However, the

predominant allele combinations in non-GPG strains were found only in YWP1 of

this study, and the percentage of the predominant allele combination of YWP1 of

GPG strains (94%) is higher than those of other genes.

It is not yet clear what causes a difference in the predominant allele combinations

between GPG and non-GPG strains. Since the two groups have different genetic

backgrounds, it is possible that each genetic background in C. albicans selects specific
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allele combinations leading to the selection of distinct predominant allele combina-

tions in each group. Fortunately, in non-GPG strains, there are two major branches

specified as B and C [56], which can be used to observe the impact of genetic back-

ground. It was found that 94% of non-GPG strains which possess predominant allele

combinations were specified as branch C strains. In fact, allele combinations contain-

ing 5 and 8 repeat units predominated in branch C strains, while from a total of nine

strains of branch B, three have allele combinations containing 8 and 8 repeat units,

and six strains each have different allele combinations. With an awareness that the

number of strains in branch B is small, the distribution of the allele combinations of

branches B and C strains shown in Figure 3.18 suggests that the predominant allele

combinations are caused by a difference in the genetic background. An impact of the

genetic background on the predominant allele combinations was also suggested by a

previous study on PNG2, which found that the genetic background of GPG strains

has a strong impact on the selection of the predominant allele combinations [51].

However, the PNG2 study cannot provide a proof that other genetic backgrounds

also select for specific allele combinations, as there were no obvious predominant al-

lele combinations observed in non-GPG strains. In this study of YWP1, although the

mean distance between any two strains in branches B was 0.33± 0.09 and C was 0.35

±0.09, larger than 0.19±0.06 of GPG strains, these three major branches of strains

each have distinct predominant allele combinations. It seems that the percentage of

the predominant alleles and allele combinations is influenced by the genetic diver-

sity of the strains tested, i.e. GPG strains with less genetic diversity have larger

percentage than non-GPG strains with higher genetic diversity.

The biological significance of the presence of predominant allele combinations of

YWP1 in non-GPG strains and the absence of predominant allele combinations of

other genes mentioned above in non-GPG strains requires more explanation. In Chap-

ter 6, the possibility that the predominant allele combinations may relate to the gene

interconnectedness will be discussed, and in Chapter 7, the possibility of the impact

of the mutation rate on the predominant allele combinations will be discussed.

Beside distinct predominant allele combinations of YWP1 in GPG and non-GPG
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strains selected by the genetic background, these two groups share the same pre-

dominant alleles, alleles containing 5 repeat units. This may be an indication of

adaptation, which suggests that YWP1 is a contingency gene. This indicates that

alleles containing 5 repeat units are the optimal alleles, which two different groups of

strains select. This result suggests that YWP1 exhibits a property of a contingency

gene, i.e. YWP1 has a role in adaptation by changing the number of repeat units in

the coding sequences.

GPG strains, which belong to clade 1 of five clades in C. albicans, have been

proposed to be better adapted as humans epithelial colonizer and invader compared

to other clades [78, 79], are more virulent than non-GPG strains in young candidemia

patients [80], and are 10 to 100 times more likely to cause disease than non-GPG

strains [56]. Based on this evidence, it is reasonable to assume that non-GPG strains

select the predominant alleles of YWP1, which are the same as the predominant alleles

of YWP1 selected by GPG strains, i.e. optimal alleles. With this argument, alleles

containing 5 repeat units are suspected to be the optimal alleles.

The fact that GPG and non-GPG strains select the same predominant alleles, i.e.

alleles containing 5 repeat units, may indicate that alleles of 5 repeat units play an

important role to optimize the function of ywp1 protein in C. albicans pathogenicity.

Experimental studies on the YWP1 gene showed that the product of this gene inhibits

the adhesion of the yeast form of C. albicans [60]. As explained in the previous sec-

tion, YWP1p seems to have a role in promoting the dispersal ability of the C.albicans

in yeast form. Other genes such as ALS5, ALS6, and ALS7 also share this property

of YWP1. For example, deletion of ALS5, ALS6, and ALS7 increases adhesion of C.

albicans to humans endothelial and epithelial cells [81]. Interestingly, allelic distribu-

tions of ALS5 and ALS6 in strains from five different clades of C. albicans indicated

that, although there is a clade specificity of allele combinations observed, different

clades share the same predominant alleles in addition to distinct predominant alle-

les unique to each clade for ALS5 or some clades for ALS6 [33], i.e. strains in all

clades select predominant alleles of ALS5 and ALS6 containing 4 repeat units. This

is similar to the results of GPG and non-GPG strains, where strains from these two
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groups select predominant alleles of YWP1 containing 5 repeat units. The similar

pattern of the allelic distribution of YWP1, ALS5, and ALS6 observed may relate to

the same property these gene share, i.e. adhesion inhibitor. This argument is with an

exception for ALS7, where the predominant alleles were observed in GPG strains, but

there were no obvious predominant alleles in non-GPG strains [32]. It seems that for

YWP1p, ALS5p, and ALS6p to play a role in promoting the dispersal ability of the

C.albicans in yeast form, one particular allele or number of repeats in their associated

genes is vital; in YWP1, it is an allele of 5 repeat units, while in ALS5 and ALS6

they are both alleles of 4 repeat units.

The fact that alleles containing 5 repeat units occurred twice (allele combination

5-5) in GPG strains as often as in non-GPG strains (allele combination 5-8) may also

indicate a gene dosage effect. The effect may relate to the facts that GPG strains

are 10 to 100 times more likely to cause disease than non-GPG strains [56], and that

higher mortality is observed in young patients of candidemia associated with GPG

strains than non-GPG strains [80].

3.4.3 The number of YWP1 repeats does not alter when

C. albicans state changes from commensal to pathogenic

The comparison of the allelic distribution of YWP1 between commensal and infection

strains showed no significant difference between the distributions; both have the same

predominant alleles and allele combinations, and their percentages are similar (see

Figure 3.9 on page 45 and Figure 3.11 on page 47). In relation to that, the variation

of allele combinations shown by the index of diversity is similar in both commensal

and infection strains (see Figure 3.13 on page 51). The same predominant alleles and

allele combinations of YWP1 in commensal and infection strains indicate no associ-

ation between the allele length or number of repeats and the immune status of the

host. This suggests that the number of YWP1 repeats does not alter when C. al-

bicans state changes from commensal to pathogenic, i.e. YWP1 may not act as a

contingency gene when the immune status of the host changes. This is in agreement
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with previous studies of other C. albicans genes. For example, results from studies

on microsatellite of CEF3 [82], HWP1, ZNF1, and MNT1 [83] showed no variability

in the number of repeats in commensal and infection strains. Similarly, studies on

short sequence repeats found no variability in the number of repeats in commensal

and infection strains in most cases [84]. It seems that for the YWP1 gene, C. albicans

select particular allele combinations when growing within a host in both commensal

and pathogenic states. The presence of particular YWP1p on the yeast surface may

be necessary in both commensal and pathogenic states and may have the same func-

tion in both states to allow optimal interaction with the host. The observation that

YWP1p plays a role in C. albicans dispersal [60], an ability needed in both commensal

colonization in a healthy host and invasion of tissue in an immunocompromised host,

may explain why there is no significant change in the number of YWP1 repeats when

C. albicans state changes from commensal pathogenic.

In contrast to the results of the YWP1 gene, studies on SSR1 [52] and EFG1 [83]

of C. albicans showed a difference in the number of repeats in commensal and infection

strains. These indicate that whether or not a change in the number of repeats of the

alleles is required when C. albicans state changes from commensal to pathogenic is

gene-dependent.

3.4.4 The number of YWP1 repeats does not alter when

C. albicans moves to particular sites of the humans

body

This study showed no significant difference in the distribution of alleles and allele

combinations of YWP1 for any humans body sites sampled (see Figure 3.16 on page 57

and Figure 3.17 on page 59). The results suggest that a change in the number of YWP1

repeats is not required when C.albicans moves to particular sites of the humans body.

This is in agreement with the results of studies on ALS7 [32], PNG2 [51], SSR1 [52],

and a study on bloodstream and non-bloodstream isolates [85].
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This result shows that there is no influence of the different environmental con-

ditions (provided by different sites of the humans body) on the YWP1 allelic dis-

tributions. This is also supported by the evidence that there is a similarity in the

YWP1 allelic distributions in strains isolated from oral sites compared to all strains

from different sites. For example, the distribution of allele combinations of YWP1

in GPG and non-GPG strains isolated from oral sites (see Figure 3.8 on page 43) is

similar to the distribution of allele combinations of YWP1 in GPG and non-GPG

strains from all infection strains tested (see Figure 3.7 on page 41). The same is true

when comparing allele combinations of YWP1 in commensal and infection strains

(see Figures 3.12 and 3.11 on pages 49 and 47).

Since C.albicans colonizes different sites of the humans body, the presence of a

variability in the number of repeats in its genes is frequently associated with adapta-

tion to a changing environment [27, 74]. However, the results of this particular study

of the YWP1 gene argue against this scenario, and indicate that there is no require-

ment to alter the number of YWP1 repeats when C. albicans adapts to particular

sites of the humans body.

3.4.5 The homozygous and heterozygous alleles of YWP1

The analysis of the combination of the two alleles of YWP1 in an individual strain

showed that YWP1 exhibits excesses of homozygotes in GPG and non-GPG strains,

but the excess of homozygotes in these two groups is not significant (see Table 3.6

on page 55). In addition, a significant excesses of homozygotes was observed in

commensal strains. The results of significant excesses of homozygotes have been

reported previously for ALS5 and ALS6 [33].

Loss of heterozygosity has been found to be a common event in C. albicans both

in commensal and pathogenic states [86]. This may be important in evolution of

C. albicans strains. It may be beneficial since in homozygosity, the number of gene

product of selected allele is twice as many as in heterozygosity. Another possibility

of the importance of this phenomenon is condominance of alleles as suggested for

TAC1, a C. albicans gene that plays a role in azole resistance of this fungus. It has
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been suggested that heterodimer is formed when two different alleles of TAC1 are

expressed in a cell while homodimer is formed when the same alleles of TAC1 are

expressed in a cell. A correct formation is achieved when the homodimer binds to

another element which leads to a strong azole resistance. In contrast, an incorrect

formation can be achieved when the heterodimer binds to the element leading to a

weak azole resistance [87]. In this case, homozygosity is beneficial to C. albicans to

have a strong antibiotic resistance.

The analysis of the combination of the two alleles in an individual strain showed

that the two alleles of YWP1 in a GPG strain are significantly more similar to each

other than those expected by chance (see Table 3.7 on page 56). However, the analysis

showed that the two alleles of YWP1 in a non-GPG strain did not differ significantly

from those expected by chance. In addition, the analysis showed that the two alleles of

YWP1 in a commensal strain are significantly more similar to each other than those

expected by chance. The result that the two alleles are significantly more similar to

each other than those expected by chance is similar to the results for ALS5, ALS6,

and ALS7 [32, 33]. However, this result is in contrast to the result for ALS3 which

showed the observed difference is significantly larger than the expected difference by

chance [27, 33]. This study found that alleles with short length tend to pair with

allele with long length in the same strain, and suggested that short and long alleles

may encode proteins with different functions.



Chapter 4

Alleles of the HWP1 Gene

This chapter describes the results of the allelic characterization of the HWP1 gene in

strains of interest, which is aimed to determine whether HWP1 is a contingency gene,

i.e. whether HWP1 has a role in adaptation by changing the number of repeat units

within the coding sequences. For this purpose, allelic distribution of HWP1 in GPG

and non-GPG strains, in commensal and infection strains, and in strains isolated from

different sites of the human body will be compared one to another.

The chapter begins with a description of the identification of the repeat units in

the HWP1 gene. This is followed by the results of the allelic characterization for GPG

and non-GPG strains (infection strains), two group of strains with different genetic

backgrounds, and the results of allelic characterization for the commensal strains, for

comparison with the infection strains (both GPG strains). Analysis of the diversity

of the alleles and allele combinations, and analysis of combination of the two alleles in

an individual strain for all strains of interest are explained before description of the

results of allelic characterization for strains isolated from different sites of the human

body. The chapter ends with a discussion of the biological implications of the results.

70
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4.1 Identification of the Repeat Units in theHWP1

Gene

The repeat units in theHWP1 gene were identified using MacVector software (MacVec-

tor Inc, www.macvector.com) to analyse the DNA sequence of HWP1 from strain

SC5314 downloaded from www.candidagenome.org, i.e. the same procedure used to

identify repeats in YWP1. The result of this analysis is shown in Figure 4.1.

Primers HWP1F and HWP1R (see Table 2.5 on page 24) were designed to amplify

the region from nucleotide 65 - 584 (520 bp) which is a region containing repeat units.

4.2 Allelic Characterization of the HWP1 Gene in

GPG and Non-GPG Strains (Infection Strains)

Alleles of the HWP1 gene from 49 GPG strains and 47 non-GPG strains were char-

acterized by length using genotyping. As indicated previously, since C. albicans is

diploid, the results are described for both alleles and allele combinations.

Based on allele length, seven different alleles were found in GPG strains and nine in

non-GPG strains. In total, there were nine different alleles found in infection strains.

In order to determine the number of repeat units for each fragment length, the repeat

region of the HWP1 gene of different fragment lengths were sequenced. Primers

HWP1BF and HWP1BR (see Table 2.5 on page 24) were used for sequencing. The

repeat unit identified in DNA sequencing was 30 bp in length which encodes the 10

amino acid sequence IPCDNPPQPD. The results of the sequencing showed that the

difference between the fragment lengths observed is caused by a removal or addition

of the repeat unit/s. However, it was also found that some different alleles in the

fragment length have the same number of repeats. For example, alleles of 335 and

345 bp contain 2 repeat units, 365 and 375 bp contain 3 repeat units, and 395 and 405

contains 4 repeat units. For this case, the difference between the fragment lengths

was not caused by a removal or addition of the repeat unit/s, but by changes of some

parts outside the repeat units. The frequency of alleles of HWP1 found in GPG and
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Figure 4.1: Identification of the repeat unit in the HWP1 gene using Macvector
software (top figure). The identification was performed on the DNA sequence from
HWP1 of strain SC5314 downloaded from www.candidagenome.org. The black thick
line indicates the region amplified, i.e. nucleotide 65 - 584 (520 bp) (bottom figure).
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non-GPG strains is summarized in Table 4.1, and presented graphically in Figure 4.2.

The number of HWP1 alleles for GPG strains was reduced from seven by fragment

length to four by number of repeats, and for non-GPG strains from nine to five.

Figure 4.2 shows that alleles containing 4 and 5 repeat units predominated in both

GPG and non-GPG strains (the Chi-square goodness of fit test, p < 0.001). The Chi-

square test for contingency tables showed no significant difference in the distribution

of these alleles between GPG and non-GPG strains (p > 0.05). Similar results were

also observed for strains isolated from oral sites as shown in Figure 4.3. These results

show that GPG and non-GPG strains have the same predominant alleles.

Table 4.1: Frequency of alleles of the HWP1 gene in GPG and non-GPG strains.
Alleles are represented by the fragment length and the number of repeat units.

Allele Frequency
No Length (bp) No. of repeats GPG Strains Non-GPG Strains Total

1 335 2 1 2 3
2 345 2 2 1 3
3 365 3 1 1 2
4 375 3 7 6 13
5 395 4 3 14 17
6 405 4 34 26 70
7 425 5 0 1 1
8 435 5 50 42 92
9 465 6 0 1 1

Total 98 94 192

Based on allele length, the number of different allele combinations found in GPG

strains was 11, compared to 14 combinations in non-GPG strains. In total there were

17 different allele combinations found in infection strains. As some alleles that differ in

length have the same number of repeats, the number of different allele combinations

reduced from 11 by fragment length to eight by number of repeat units for GPG

strains, from 14 to eight for non-GPG strains, and from 17 to 10 for all infection

strains. The frequency of allele combinations of HWP1 found in GPG and non-GPG

strains is summarized in Table 4.2, and presented graphically in Figures 4.4.

Figure 4.4 shows that allele combinations of HWP1 containing 4 and 4, 4 and
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Figure 4.2: Distribution of alleles of HWP1 for: a. GPG strains, and b. non-GPG
strains. N represents 2 times the number of strains in a particular group, as there are
2 alleles per strain. Alleles containing 4 and 5 repeat units predominated in both GPG
and non-GPG strains (the Chi-square goodness of fit test, p < 0.001). There is no
significant difference in the distribution of these alleles between GPG and non-GPG
strains (the Chi-square test for contingency tables, p > 0.05).
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Figure 4.3: Distribution of alleles of HWP1 for: a. GPG strains, and b. non-GPG
strains, where all strains were isolated from oral sites. N represents 2 times the number
of strains in a particular group, as there are 2 alleles per strain. Alleles containing 4
and 5 repeat units predominated in both GPG and non-GPG strains (the Chi-square
goodness of fit test, p < 0.001). There is no significant difference in the distribution of
these alleles between GPG and non-GPG strains (the Chi-square test for contingency
tables, p > 0.05).
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Figure 4.4: Distribution of allele combinations of HWP1 for: a. GPG strains, and
b. non-GPG strains. N represents the number of strains in a particular group. For
convenience, allele combinations of x and y are written as x-y, where x and y are
the number of repeat units. Allele combinations containing 4 and 4, 4 and 5, and 5
and 5 repeat units predominated in both GPG and non-GPG strains (the Chi-square
goodness of fit test, p < 0.001). There is no significant difference in the distribution
of these allele combinations between GPG and non-GPG strains (the Chi-square test
for contingency tables, p > 0.05).
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Table 4.2: Frequency of allele combinations of HWP1 in GPG and non-GPG strains.
For convenience, allele combinations of x and y are written as x-y, where x and y are
the fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats GPG Strains Non-GPG Strains Total

1 335-375 2-3 0 1 1
2 335-435 2-5 1 1 2
3 345-345 2-2 1 0 1
4 345-365 2-3 0 1 1
5 365-375 3-3 1 0 1
6 375-375 3-3 1 0 1
7 375-395 3-4 0 1 1
8 375-405 3-4 1 2 3
9 375-435 3-5 3 2 5
10 395-395 4-4 1 1 2
11 395-405 4-4 0 5 5
12 395-435 4-5 1 5 6
13 395-465 4-6 0 1 1
14 405-405 4-4 6 5 11
15 405-435 4-5 21 9 30
16 425-435 5-5 0 1 1
17 435-435 5-5 12 12 24

Total 49 47 96

5, and 5 and 5 repeat units predominated in both GPG and non-GPG strains (the

Chi-square goodness of fit test, p < 0.001). The results of the Chi-square test for

contingency tables showed no significant difference in the distribution of these allele

combinations of HWP1 between GPG and non-GPG strains (p > 0.05). Similar

results were also observed for strains isolated from oral sites as shown in Figure 4.5.

These results show that GPG and non-GPG strains have the same predominant allele

combinations of HWP1.
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Figure 4.5: Distribution of allele combinations of HWP1 for: a. GPG strains, and
b. non-GPG strains, where all strains were isolated from oral sites. N represents total
number of strains in a particular group. For convenience, allele combinations of x and
y are written as x-y, where x and y are number of repeat units. Allele combinations
containing 4 and 4, 4 and 5, and 5 and 5 repeat units predominated in both GPG
and non-GPG strains (the Chi-square goodness of fit test, p < 0.001). There is no
significant difference in the distribution of these allele combinations between GPG
and non-GPG strains (the Chi-square test for contingency tables, p > 0.05).
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4.3 Allelic Characterization of the the HWP1 Gene

in Commensal Strains

Alleles of the HWP1 gene from 35 commensal strains were characterized by length

using genotyping. Based on allele length, five different alleles were found in commensal

strains, compared to four in infection strains. The number of repeat units for each

fragment length was determined using the sequencing results shown previously for

the infection strains. The frequency of HWP1 alleles found in commensal strains is

summarized in Table 4.3, and presented graphically in Figure 4.6. For comparison,

the data from infection strains have been added in the table and the figure.

Figure 4.6 shows the same pattern of the distribution of HWP1 alleles in both

commensal and infection strains, where alleles containing 4 and 5 repeat units pre-

dominated in each group (the Chi-square goodness of fit test, p < 0.001). The results

of the Chi-square test for contingency tables showed no significant difference in the

distribution of these alleles between commensal and infection strains (p > 0.05). Simi-

lar results were also observed for strains isolated from oral sites as shown in Figure 4.7.

These results show that commensal and infection strains have the same predominant

alleles of HWP1.

Table 4.3: Frequency of alleles of HWP1 in commensal strains. Alleles are represented
by the fragment length and the number of repeat units. For comparison, the data
from infection strains have been added.

Allele Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 335 2 2 1 3
2 345 2 0 2 2
3 365 3 0 1 1
4 375 3 6 7 13
5 395 4 0 3 3
6 405 4 27 34 61
7 435 5 34 50 84
8 465 6 1 0 1

Total 70 98 168
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Figure 4.6: Distribution of alleles of HWP1 for: a. Commensal strains, and b. Infection
strains. N represents 2 times the number of strains in a particular group, as there
are 2 alleles per strain. Alleles containing 4 and 5 repeat units predominated in
both commensal and infection strains (the Chi-square goodness of fit test, p < 0.001).
There is no significant difference in the distribution of these alleles between commensal
and infection strains (the Chi-square test for contingency table, p > 0.05).
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Figure 4.7: Distribution of alleles of HWP1 for: a. Commensal strains, and b. Infection
strains, where all strains were isolated from oral sites. N represents 2 times the number
of strains in a particular group, as there are 2 alleles per strain. Alleles containing
4 and 5 repeat units predominated in both commensal and infection strains (the
Chi-square goodness of fit test, p < 0.001). There is no significant difference in the
distribution of these alleles between commensal and infection strains (the Chi-square
test for contingency table, p > 0.05).
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Table 4.4: Frequency of allele combinations of HWP1 in commensal strains. For
comparison, the data from infection strains have been added. For convenience, allele
combinations of x and y are written as x-y, where x and y are the fragment length in
bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 335-375 2-3 1 0 1
2 335-435 2-5 1 1 2
3 345-345 2-2 0 1 1
4 365-375 3-3 0 1 1
5 375-375 3-3 0 1 1
6 375-405 3-4 0 1 1
7 375-435 3-5 4 3 7
8 375-465 3-6 1 0 1
9 395-395 4-4 0 1 1
10 395-435 4-5 0 1 1
11 405-405 4-4 2 6 8
12 405-435 4-5 23 21 44
13 435-435 5-5 3 12 15

Total 35 49 84

The number of different allele combinations of HWP1 found in commensal strains

was seven compared to eight combinations in infection strains. The frequency of

allele combinations of HWP1 is summarized in Table 4.4, and presented graphically

in Figure 4.8. For comparison, the data from infection strains have been added in the

table and the figure.

Figure 4.8 shows that allele combinations of HWP1 containing 4 and 5 repeat units

predominated in commensal strains (the Chi-square goodness of fit test, p < 0.001).

Comparing the distribution of allele combinations between commensal and infection

strains, there is a noticeable difference; moving from graphs for commensal to infection

strains, there is a decrease in proportion of allele combinations containing 4 and

5 repeat units (from 66% to 45%), and a slightly increase in allele combinations

containing 4 and 4, and 5 and 5 repeat units. However, the results of the Chi-square

test for contingency tables showed no significant difference in the distribution of these

allele combinations between commensal and infection strains (p > 0.05). Similar
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results were also observed for strains isolated from oral sites as shown in Figure 4.9.

These results show that commensal and infection strains have the same predominant

allele combinations of HWP1.

4.4 Diversity of Alleles of the HWP1 Gene

Allele diversity is quantified by the index of diversity � which is defined by Equa-

tion 3.1 (see page 48). The � values for both the alleles and the allele combinations

of HWP1 for GPG, non-GPG, and commensal strains are summarized in Table 4.5,

and presented graphically in Figure 4.10.

Table 4.5: Index of diversity � of the alleles and the allele combinations of HWP1 for
GPG, non-GPG (infection), and (GPG) commensal strains.

Index of Diversity
Strains Allele Allele Combination

GPG 0.60 0.73
Non-GPG 0.60 0.78
Commensal 0.61 0.56

The results show that the diversity of the alleles and the allele combinations of

HWP1 is not influenced by the genetic diversity of the strains; GPG strains with small

genetic diversity and non-GPG strains with large genetic diversity have identical allele

diversity. Although the diversity of alleles of commensal and infection strains is also

similar, the diversity of allele combinations is different; the allele combinations of

infection strains are more diverse than those of commensal strains.

4.5 Analysis of the Combination of the Two Alleles

of the HWP1 Gene in An Individual Strain

In this section, the combination of the two alleles of HWP1 in an individual strain

among strains of interest is analysed. Similar to the description for YWP1 in the
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Figure 4.8: Distribution of allele combinations of HWP1 for: a. Commensal strains,
and b. Infection strains. N represents the number of strains in a particular group.
For convenience, allele combinations of x and y are written as x-y, where x and y
are number of repeat units. Allele combinations containing 4 and 5 repeat units
predominated in commensal strains, while allele combinations containing 4 and 4, 4
and 5, and 5 and 5 repeat units predominated in infection strains (the Chi-square
goodness of fit test, p < 0.001). There is no significant difference in distribution of
these allele combinations between commensal and infection strains. (the Chi-square
test for contingency tables, p < 0.05).
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Figure 4.9: Distribution of allele combinations of HWP1 for: a. Commensal strains,
and b. Infection strains, where all strains were isolated from oral sites. N represents
the number of strains in a particular group. For convenience, allele combinations
of x and y are written as x-y, where x and y are the number of repeat units. Allele
combinations containing 4 and 5 repeat units predominated in commensal strains (the
Chi-square goodness of fit test, p < 0.001), while allele combinations containing 4 and
5, and 5 and 5 repeat units predominated in infection strains. There is no significant
difference in the distribution of these allele combinations between commensal and
infection strains (the Chi-square test for contingency tables, p > 0.05).
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Figure 4.10: Index of diversity � of the alleles and the allele combinations of HWP1

for GPG, non-GPG (infection), and (GPG) commensal strains.
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Figure 4.11: Distribution of differences in the number of repeat units between the two
alleles of HWP1 in an individual strain for: a. GPG strains, b. Non-GPG strain, and
c. Commensal strains. N represents the total number of strains in a particular group.

previous chapter, the section starts with a description of the distribution of the dif-

ferences between the two alleles in an individual strain, and ends with a calculation

of the mean of the differences between the two alleles in an individual strain among

strains of interest.

Figure 4.11 shows the distribution of differences in the number of repeat units

between the two alleles of HWP1 in an individual strain for GPG, non-GPG, and

commensal strains. The percentages of homozygous alleles of HWP1 found in GPG,

non-GPG, and commensal strains are 43%, 53%, and 14%, respectively.
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Figure 4.12: Frequency of homozygotes and heterozygotes of HWP1 for GPG, non-
GPG, and commensal strains. N represents the number of strains in a particular
group. There is no significant difference between the number of homozygotes ob-
served and those expected by chance for GPG and non-GPG strains (the Chi-square
test for contingency tables , p>0.1). However, for commensal strains, the number of
homozygotes is significantly smaller than those expected by chance (the Chi-square
test for contingency tables, p<0.005), i.e. HWP1 exhibits significant deficit of ho-
mozygotes in commensal strains.
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The number of homozygous alleles in each group was compared to those expected

if the combination of the alleles was random, taking allele frequency into considera-

tion. For this purpose, a matrix with a size equal to the square of 2 times the number

of strains analysed was generated, i.e. the same procedure used for the analysis for

the YWP1 gene in the previous chapter (see section 3.3.4, page 50). The frequency

of homozygotes and heterozygotes of YWP1 for the data observed and those ex-

pected from random alleles is summarized in Table 4.6, and is presented graphically

in Figure 4.12. The figure shows no significant difference between the number of

homozygotes observed and those expected by chance for GPG and non-GPG strains

(the Chi-square test for contingency tables , p>0.1). However, for commensal strains,

the number of homozygotes is significantly smaller than those expected by chance

(the Chi-square test for contingency tables, p<0.05), i.e. HWP1 exhibits significant

deficit of homozygotes in commensal strains.

Table 4.6: The number of homozygous alleles in GPG, non-GPG, and commensal
strains compared to the expected number by chance. N indicates the number of
strains.

Number of homozygous alleles Significance
Strains Observed data (N) Expected data (p)

GPG 22 (49) 20 p > 0.1
Non-GPG 22 (47) 19 p > 0.1
Commensal 5 (35) 13 p < 0.005

The mean (± standard deviation) of the differences in the number of repeat units

between the two alleles in an individual strain was determined to be 0.65 ± 0.69,

0.64±0.70, and 1.08±0.69, for GPG, non-GPG, and commensal strains, respectively.

The result of the t-test between the two means of GPG and non-GPG strains showed

no significant difference between the two means (p > 0.05). The result of the t-test

between the two means of (GPG) commensal and infection strains showed that that

the two alleles in an infection strain are significantly more similar to each other than

those in commensal strains (p < 0.001).

To determine whether the difference between the two alleles in an individual strain
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is a random or non-random (i.e. is a selective pressure operating ?), the means

of the differences of the alleles found were compared to the means expected if all

alleles combined randomly, taking allele frequency into consideration. As explained

previously, a matrix with a size equal to the square of 2 times the number of strains

analysed was generated for this purpose.

For GPG strains, the mean (± standard deviation) of the differences in the number

of repeat units between the two alleles of HWP1 expected from random alleles was

determined to be 0.76 ± 0.76. The result of t-test between this mean and the mean

from observed data 0.65± 0.69 showed that the two alleles of HWP1 in a GPG strain

did not differ significantly from those expected by chance (p > 0.10). For non-GPG

strains, the mean (± standard deviation) of the differences in number of repeat units

between the two alleles of HWP1 expected from random alleles was determined to be

0.77± 0.77. The result of the t-test between this mean and the mean from observed

data 0.64 ± 0.69 showed that the two alleles of HWP1 in a non-GPG strain did not

differ significantly from those expected by chance (p > 0.10). For commensal strains,

the mean (± standard deviation) of the differences in the number of repeat units

between the two alleles of HWP1 expected from random alleles was determined to be

0.76± 0.76. The result of the t-test between this mean and the mean from observed

data 1.08 ± 0.69 showed that the two alleles of HWP1 in a commensal strain are

significantly more different to each other than expected by chance (p < 0.01). The

mean (± standard deviation) of the differences in the number of repeat units between

the two alleles of HWP1 from observed data, data expected from random alleles, and

the significance of the differences between the means are summarized in Table 4.7.
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Table 4.7: The mean (± standard deviation) of the differences in the number of repeat
units between the two alleles of HWP1 in an individual strain from observed data,
data expected from random alleles, and the significance of the difference between the
two means for GPG, non-GPG, and commensal strains. N indicates the number of
data.

Mean Differences (± SD) Significance
Strains Observed Differences (N) Expected Differences (N) (p)

GPG 0.65 ± 0.69 (49) 0.76 ± 0.76 (9604) p > 0.10
Non-GPG 0.64 ± 0.69 (47) 0.77 ± 0.77 (8836) p > 0.10
Commensal 1.08 ± 0.69 (35) 0.76 ± 0.76 (4900) p < 0.01

4.6 Allelic Distribution of the HWP1 Gene in

Strains Isolated From Different Sites of the

Humans Body

Figure. 4.13 shows the distribution of alleles of HWP1 in strains isolated from different

sites of the humans body. The figure shows that the distributions of HWP1 alleles

at all sites appear similar; alleles containing 4 and 5 repeat units predominated at

all sites (the Chi-square goodness of fit test, p < 0.001). Result from the Chi-square

test for contingency tables showed no significant difference in the distribution of these

alleles between any two sites for all sites sampled (p > 0.05). These results show that

strains isolated from different sites of the humans body have the same predominant

alleles.

Figure. 4.14 shows the distribution of allele combinations of HWP1 in strains

isolated from different sites of the humans body. The figure shows that allele combi-

nations containing 4 and 5 repeat units predominated at oral, vagina, and urine sites,

but no obvious pattern of any predominant allele combinations observed at skin sites.

There is no significant difference in the distribution of allele combinations containing

4 and 5 repeat units between oral and vagina sites, oral and urine sites, and vagina

and urine sites, but there is a significant difference in the distribution of these allele

combinations between vagina and skin sites, and vagina and sterile sites. The figure
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Figure 4.13: Distribution of alleles of HWP1 in strains isolated from different sites of
the humans body. N represents 2 times the number of strains at each site, as there are
2 alleles per strain. Allele containing 4 and 5 repeat units predominated at all sites
(the Chi-square goodness of fit test, p < 0.001). There is no significant difference
in the distribution of these alleles between any two sites for all sites sampled (the
Chi-square test for contingency table, p > 0.05).
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also shows that allele combinations containing 5 and 5 repeat units predominated at

sterile sites. There is a significant difference in the distribution of these allele combi-

nations between sterile and oral sites, and sterile and vagina sites. In contrast, there

is no significant difference in the distributions of these allele combinations between

sterile and skin sites, and sterile and urine sites. These results show that although

C. albicans strains isolated from different sites of the humans body have the same

predominant alleles, they do not have the same predominant allele combinations.

4.7 Discussion

The aim of this particular study of the HWP1 gene was to find out whether HWP1

is a contingency gene, i.e. whether HWP1 has a role in adaptation by changing

the number of repeat units within the coding sequences. For this purpose, allelic

distribution of HWP1 in GPG and non-GPG strains, in commensal and infection

strains, and in strains isolated from different sites of the humans body was examined

and compared one with another.

4.7.1 Variability in the number of HWP1 repeats

This study reveals that there is a variability in the number of HWP1 repeats observed

from different strains. From 96 infection strains, five different alleles were detected,

which formed 10 different allele combinations. Likewise, five different alleles were

detected in 35 commensal strains (GPG) which formed seven different allele combina-

tions. From total 131 strains, there were five different alleles detected which form 11

different different allele combinations. The number of different HWP1 alleles observed

is less than that observed for YWP1 (eight different alleles), and indeed it is the least

compared to alleles observed for other genes summarized in Table 3.8 (see page 61).

The least number of different HWP1 alleles observed compared to other genes may

indicate that HWP1 has a relatively low mutation rate, consequently may have a role

in adaptation. The mutation rate of HWP1 will be discussed in Chapter 7, while the

role of HWP1 in adaptation will be discussed in the following section.
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Figure 4.14: Distribution of allele combinations of HWP1 in strains isolated from
different sites of the humans body. N represents the number of strains at each site.
For convenience, allele combinations of x and y are written as x-y, where x and y are
the number of repeat units. Alleles containing 4 and 5 repeat units predominated at
oral, vagina, and urine sites, while alleles containing 5 and 5 repeat units predominated
at sterile sites (the Chi-square goodness of fit test, p < 0.001); no obvious pattern of
any predominant alleles observed at skin sites.
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The HWP1 allele variability has been suggested to play an important role in the

function of HWP1p. It has been found that HWP1 -2, a variant of HWP1, lacks some

of the repeat regions including the repeat region investigated in this study, which af-

fects the conformation of the protein and the interaction of the protein with binding

partners. The homozygous strain of this variant had decreased biofilm production,

hyphal formation, and the HWP1 -2 gene expression. This differs from the homozy-

gous strain of HWP1 -1 variant, a variant of HWP1, which has the repeat regions lost

in HWP1 -2 [88]. These results for variants of HWP1 indicate that the repeat regions

of HWP1 play an important role in the function of this gene.

As has already been discussed in Chapter 3, the repeat variability of some genes

of C. albicans appears to relate to the ability of the C.albicans cells to adhere to the

host [27, 28, 29]. In relation to that, it has been suggested that HWP1p play a role

in adhesion. For example, the HWP1p has been found to be an adhesin required

for covalent attachment to host epithelial cells [62]. In addition, experimental study

showed that deleting HWP1 resulted in a significant reduction (80%) in adherent

ability of the fungus to oral cells as compared to wild types [63]. Moreover, it has been

found that HWP1p binds to ALS1p and ALS3p which indicates that HWP1 facilitates

of hypha adhesion one with another, an important factor for biofilm formation [64].

4.7.2 GPG and non-GPG strains have the same predominant

alleles and allele combinations of HWP1

The results of allelic characterization of the HWP1 gene for GPG and non-GPG

strains showed that these two different groups of infection strains have the same

predominant alleles and allele combinations (see Figure 4.2 on page 74 and Figure 4.4

on page 76). The allele combinations 4-4, 4-5, and 5-5 predominated in both GPG and

non-GPG strains, where the number of allele combinations 4-5 was the largest. There

was no significant difference in the distribution of these alleles and allele combinations

in the two groups of strains. These results suggest that HWP1 is a contingency gene,

i.e. HWP1 has a role in adaptation.
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There is a clear difference between the allelic distribution of HWP1 and YWP1.

First, GPG and non-GPG strains have different predominant allele combinations of

YWP1, but the same predominant allele combinations of HWP1 ; the results of HWP1

show that alleles containing 4 and 5 repeat units are important, but the results of

YWP1 show that only alleles containing 5 repeat units are important. Second, al-

though GPG strains with similar genetic backgrounds (less diversity), and non-GPG

strains with diverse genetic backgrounds (high diversity), the percentages of the pre-

dominant allele combinations of HWP1 in GPG and non-GPG strains are similar. In

contrast, the percentage of the predominant allele combinations of YWP1 depends on

the genetic diversity of a group of strains. The allelic characterization results of the

HWP1 gene are also different from the results of other repeat containing genes of C.

albicans such as ALS7 [32], PNG2 [51], and SSR1 [52], which showed predominant

allele combinations in GPG strains, but no obvious predominant allele combinations

in non-GPG strains. As far as the author’s concern, the same predominant allele

combinations of the C. albicans genes shown by GPG and non-GPG strains have not

been observed: HWP1 of this study is the first repeat-containing gene to show this

phenomenon.

The allelic distributions of HWP1 in GPG and non-GPG strains indicate a strong

selective pressure on the gene. It has been suggested that if there is a selective pressure

on the gene, the influence of the genetic background is diminished [57]. The allelic

distributions of YWP1 in GPG and non-GPG strains also indicate a selective pressure

on the gene, but not as strong as it is on HWP1. However, the allelic distributions

of ALS7 [32], PNG2 [51], and SSR1 [52] in GPG and non-GPG strains showed no

indication of a selective pressure on these genes.

The HWP1 protein has been found to be an adhesin required for covalent attach-

ment to host epithelial cells. It serves as a substrate for mammalian transglutami-

nases, which permits the covalent cross-linking of C. albicans to epithelial cells [62].

The repeats of the HWP1 protein of this study are part of N-terminal region that

is predicted to be at the protein surface. This region functions as a substrate for

mammalian transglutaminases that links it to other proteins on host epithelial cells.



CHAPTER 4. ALLELES OF THE HWP1 GENE 97

The correct formation of the covalent cross-linking between the cells may associate

with a certain number of repeat units. This may explain why alleles containing 4 and

5 repeats of HWP1 were selected by two different groups of strains.

4.7.3 The number of HWP1 repeats does not alter when

C. albicans state changes from commensal to pathogenic

The comparison of the allelic distribution of the HWP1 gene between commensal and

infection strains showed that there is no significant difference between the distribu-

tions; both have the same predominant alleles (see Figure 4.6 on page 80). However,

there is a noticeable difference in the distribution of allele combinations between

commensal and infection strains (see Figure 4.8 on page 84); there is a decrease in

proportion of allele combinations 4-5, and an increase in allele combinations 4-4, and

5-5 as one moves from the distribution in commensal strains to the distribution in

infection strains. In spite of this, the results of the Chi-square test for contingency

tables showed no significant difference in the distribution of these allele combinations

between commensal and infection strains. These results showed that commensal and

infection strains have the same predominant allele combinations.

The same predominant alleles and allele combinations of the HWP1 gene in com-

mensal and infection strains indicate no association between the HWP1 alleles and

the immune status of the host. This suggests that the number of HWP1 repeats does

not alter when C. albicans state changes from commensal to pathogenic. For exam-

ple, Figure 4.9 (on page 85) showed the case for strains isolated from oral sites, where

there was no significant difference in the distribution of allele combinations between

commensal and infection strains, i.e. at the same site of the humans body, when the

immune status of the host changes, there is no requirement for the alleles to alter. It

seems that no allele change is required in order to achieve the correct optimal binding

between C. albicans hyphal cells and cells at oral sites, although the C. albicans state

has changed from commensal to pathogenic. Expression of HWP1 mRNA was found

to be equivalent in both commensal and pathogenic states [89]. Since HWP1p is only
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found in the hyphal form, not in the yeast form, the presence of HWP1 mRNA in a

commensal state implies the presence of hyphal form in that state. This indicates that

a HWP1p plays a role in both colonization of healthy individuals and in the invasion

of immunocompromised individuals.

That commensal and infection strains have the same predominant allele combina-

tions of the HWP1 gene is in agreement with that of the YWP1 gene. In addition,

the diversity of the alleles of the HWP1 gene is similar in commensal and infection

strains, similar to those in the YWP1 gene (see Table 4.5 on page 83 and Figure 4.10

on page 86). However, the diversity of allele combination of the HWP1 gene is differ-

ent in commensal and infection strains, i.e. infection strains have more diverse allele

combinations compared to commensal strains. This is in contrast to the results of the

YWP1 gene, where the diversity of allele combinations is similar in both commensal

and infection strains.

4.7.4 The number of HWP1 repeats may require to alter

when C. albicans moves to particular sites of the hu-

mans body

This study showed no significant difference in the distribution of HWP1 alleles for any

humans body sites sampled, i.e. alleles containing 4 and 5 repeat units predominated

at all sites, and there was no significant difference in the distribution of these alleles

for any humans sites sampled (see Figure 4.13 on page 92). This suggests that the

number of HWP1 repeats may not be required to alter when C. albicans moves to

particular sites of the humans body. However, the comparison of the distribution of

allele combination of HWP1 showed that strains from some particular sites have spe-

cific allele combinations. The obvious pattern is that allele combinations containing

4 and 5 repeat units are specific to oral, vagina, and urine sites, while allele com-

binations containing 5 and 5 repeat units are specific to sterile sites. These results

may indicate that no alteration of the HWP1 allele is required when the cells move

from one site to another, except when the cell reach the sterile sites of the humans
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body. From oral and vagina sites, the cells reach sterile sites via the blood stream.

At oral sites, expression of alleles containing 4 and 5 repeat units might promote

optimal proper binding between C. albicans hyphal cells and epithelial cells, while

expression of alleles containing 5 repeat units might promote optimal proper binding

between C. albicans hyphal cells and epithelial cells at sterile sites. The results are in

contrast to the results of studies on bloodstream and non-bloodstream isolates which

showed no difference in the distribution of allele combinations between bloodstream

and non-bloodstream strains [85].

4.7.5 The homozygous and heterozygous alleles of HWP1

The analysis of the combination of the two alleles of HWP1 in an individual strain

showed that HWP1 exhibits excesses of homozygotes in GPG and non-GPG strains,

but the excesses of homozygotes is not significant (see Table 4.6 on page 89). However,

the number of homozygotes in commensal strains is significantly smaller than those

expected by chance. In other words, commensal strains had a significant excess of

heterozygotes. Excess of heterozygotes of some loci in C. albicans has been found

and was maintained between clades. Heterozygosity may be selected for some loci to

maintain genetic diversity that confers advantages to C. albicans. The results for the

commensal strains are in contrast to the results for the YWP1 gene, where commensal

strains had a significant excess of homozygotes.

The analysis also showed that the two alleles of HWP1 in a GPG strain and a non-

GPG strain did not differ significantly from those expected by chance. The result for

the GPG strains is in contrast to the result for YWP1, where the two alleles in a GPG

strain are significantly more similar to each other than those expected by chance, but

it is similar to the result for non-GPG strains, i.e. the two alleles of YWP1 in a non-

GPG strain did not differ significantly from those expected by chance. In addition,

the two alleles of HWP1 in a commensal strain are significantly more different to

each other than those expected by chance. This result is in contrast to the result for

YWP1, where the two alleles of YWP1 are significantly more similar to each other

than those expected by chance.



Chapter 5

Alleles of the EAP1 Gene

This chapter describes the results of the allelic characterization of the EAP1 gene

in strains of interest, which is aimed to determine whether EAP1 is a contingency

gene, i.e. whether EAP1 has a role in adaptation by changing the number of repeat

units within the coding sequences. For this purpose, allelic distribution of EAP1

in GPG and non-GPG strains, in commensal and infection strains, and in strains

isolated from different sites of the human body will be compared one to another. For

a contingency gene, GPG and non-GPG strains, two groups of strains with different

genetic backgrounds, should select the same alleles, which are advantageous alleles.

A comparison of the allelic distributions of EAP1 in commensal and infection strains,

and in strains isolated from different sites of the human body, respectively, is to

observe whether EAP1 acts as a contingency gene, when C. albicans changes from a

commensal state to a pathogenic state, and when it moves to particular sites of the

human body.

The chapter begins with a description of the identification of the repeat units in

EAP1, where two regions in the gene were identified to contain repeat units. This is

followed by two sections containing the results of allelic characterization of EAP1 for

each repeat region. Each of these two sections contains the results of allelic charac-

terization for GPG and non-GPG strains (infection strains), and for the commensal

strains, for comparison with the infection strains (both GPG strains). Analysis of

the diversity of the alleles and allele combinations, and analysis of combination of

100



CHAPTER 5. ALLELES OF THE EAP1 GENE 101

the two alleles in an individual strain for all strains of interest are explained before

description of the results of allelic characterization of EAP1 for strains isolated from

different sites of the human body. The chapter ends with a discussion of the biological

implications of the results.

5.1 Identification of the Repeat Units in the EAP1

Gene

The repeat units in EAP1 were identified using MacVector software (MacVector Inc,

www.macvector.com) to analyse the DNA sequence of EAP1 from strain SC5314

downloaded from www.candidagenome.org, i.e. the same procedure used to identify

repeats in YWP1 and HWP1. The result of this analysis is shown in Figure 5.1.

Primers EAP1AF and EAP1AR (see Table 2.5 on page 24) were designed to am-

plify the region from nucleotide 858 - 1725 (868 bp) which is a region containing repeat

units, and for convenience is called repeat region 1. Primers EAP1BF and EAP1BR

(see Table 2.5 on page 24) were designed to amplify the region from nucleotide 239 -

710 (472 bp) which is a region containing repeat units, and for convenience is called

repeat region 2.

5.2 Results of Allelic Characterization of the EAP1

Gene For Repeat Region 1

Repeat region 1 of EAP1 from each strain of interest was amplified by PCR, and

the amplicons were characterized by length using genotyping. As indicated previ-

ously, since C. albicans is diploid, the results are described for both alleles and allele

combinations.
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Figure 5.1: Identification of the repeat unit in EAP1 using MacVector software (top
figure). The identification was performed on the DNA sequence of EAP1 from strain
SC5314 downloaded from www.candidagenome.org. The grey and black thick lines in-
dicate regions amplified, i.e. nucleotide 858 - 1725 (868 bp) for region 1 and nucleotide
239 - 710 (472 bp) for region 2 (bottom figure).
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5.2.1 Allelic Characterization of the EAP1 Gene For Re-

peat Region 1 in GPG and Non-GPG Strains (Infection

Strains)

Based on allele length, 13 different alleles were found in GPG strains, and 28 in non-

GPG strains. In total, there were 34 different alleles found in infection strains. In

order to determine the number of repeat units for each fragment length, ideally all

different fragments would be sequenced. However, most of the repeat region lengths

observed were larger than 700 bp, which according to the manufacturer’s instructions

is much larger than the length that the instrument used for this measurement can

sequence. For this reason, only some strains were sequenced. Primers EAP1AF and

EAP1AR (see Table 2.5 on page 24) were designed for the sequencing. The repeat

unit identified in DNA sequencing was 60 bp in length which encodes the 20 amino

acid sequence TPAAPGTPVESQPVIPGTET. The number of repeat units in each

fragment is determined by the ratio of the length of the repeat region (i.e. fragment

that consists of repeat units) to the length of a repeat unit (60 bp). The length of

the repeat region is calculated by taking the difference between total fragment length

(determined by genotyping) and the part of each fragment that does not consist

of repeat units. The part of each fragment that did not consist of repeat units was

identified from the DNA sequencing and is assumed to be constant. Thus, the number

of repeat units NRU was calculated from the fragment length Fl as,

NRU =
Fl − Lo

Lu

, (5.1)

where Lo and Lu are the length of the fragment that did not consist of repeat units,

and the length of a repeat unit, respectively. The number of repeat units NRU in

each fragment length was calculated using Equation 5.1, where the values of Lo and

Lu bp were taken from the results of the sequencing. Not all calculated NRU values

were integers, and non-integer values were rounded to the nearest integer. Due to

this rounding, there were several cases where alleles differed in fragment length were

estimated to have the same number of repeat units. Consequently, the number of

different alleles in GPG strains reduced from 13 by fragment length to eight by number
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of repeat units, and in non-GPG strains from 28 to 14. Based on the number of repeat

units, there were 14 different alleles found in infection strains. The frequency of alleles

of EAP1 for repeat region 1 in GPG and non-GPG strains is summarized in Table 5.1

and presented graphically in Figure 5.2.

Table 5.1: Frequency of alleles of EAP1 for repeat region 1 in GPG and non-GPG
strains. Alleles are represented by the fragment length and the number of repeat
units.

Allele Frequency
No Length (bp) No. of repeats GPG strains Non-GPG strains Total

1 408 2 0 8 8
2 468 3 0 7 7
3 539 4 0 3 3
4 598 5 0 7 7
5 646 6 0 6 6
6 729 7 4 6 10
7 800 8 1 20 21
8 883 9 10 4 14
9 930 10 43 3 46
10 1000 11 35 15 50
11 1082 12 1 1 2
12 1123 13 3 10 13
13 1207 14 1 3 4
14 1307 15 0 1 1

Total 98 94 192

Figure 5.2 shows that alleles containing 10 and 11 repeat units predominated in

GPG strains (the Chi-square goodness of fit test, p < 0.001). These alleles were

overrepresented in GPG strains (43 and 35%), compared to non-GPG strains (3 and

15%), i.e. there is a significant difference in the distribution of these alleles between

GPG and non-GPG strains (the Chi-square test for contingency tables, p < 0.001).

Alleles containing 8 and 11 repeat units predominated in non-GPG strains (the Chi-

square goodness of fit test, p < 0.01), and alleles containing 8 repeat units were

overrepresented in non-GPG strains, compared to GPG strains (the Chi-square test

for contingency tables, p < 0.001). Similar results were also observed in strains

isolated from oral sites as shown in Figure 5.3.
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Figure 5.2: Distribution of alleles of EAP1 for repeat region 1 in: a. GPG strains,
and b. Non-GPG strains. N represents 2 times the number of strains in a particular
group, as there are 2 alleles per strain. Alleles containing 10 and 11 repeat units
predominated in GPG strains (the Chi-square goodness of fit test, p < 0.001). There is
a significant difference in the distribution of these alleles between GPG and non-GPG
strains (the Chi-square test for contingency tables, p < 0.001). Alleles containing 8
and 11 repeat units predominated in non-GPG strains (the Chi-square goodness of
fit test, p < 0.01), and alleles containing 8 repeat units were overrepresented in non-
GPG strains, compared to GPG strains (the Chi-square test for contingency tables,
p < 0.001).
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Figure 5.3: Distribution of alleles of EAP1 for repeat region 1 for: a. GPG strains,
and b. Non-GPG strains, where all strains were isolated from oral sites. N repre-
sents 2 times the number of strains in a particular group, as there are 2 alleles per
strain. Alleles containing 10 and 11 repeat units predominated in GPG strains (the
Chi-square goodness of fit test, p < 0.001). There is a significant difference in the
distribution of these alleles between GPG and non-GPG strains (the Chi-square test
for contingency tables, p < 0.001). Alleles containing 8 repeat units predominated
in non-GPG strains (the Chi-square goodness of fit test, p < 0.01), and were over-
represented in non-GPG strains, compared to GPG strains (the Chi-square test for
contingency tables, p < 0.001).
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Based on allele length, the number of different allele combinations found in GPG

strains was 15, compared to 34 combinations in non-GPG strains. In total, there

were 46 different allele combinations found in infection strains. As some alleles that

differ in length have the same number of repeats, the number of allele combinations

by number of repeats were 12 and 28 for GPG and non-GPG strains, respectively.

In total, there were 35 different allele combinations by number of repeats found in

infection strains. The frequency of allele combinations of EAP1 for repeat region 1

found in infection strains is summarized in Table 5.2, and presented graphically in

Figure 5.4.

Figure 5.4 shows that allele combinations containing 10 and 11 repeat units pre-

dominated in GPG strains (the Chi-square goodness of fit test, p < 0.001). These

allele combinations were overrepresented in GPG strains (59%), compared to non-

GPG strains (2%), i.e. there is a significant difference in the distribution of these

allele combinations between GPG and non-GPG strains (the Chi-square test for con-

tingency tables, p < 0.001). There are no obvious predominant allele combinations

observed in non-GPG strains. Similar results were also observed in strains isolated

from oral sites as shown in Figure 5.5.

5.2.2 Allelic Characterization of the EAP1 Gene For Repeat

Region 1 in Commensal Strains

Based on allele length, eight different alleles were found in 29 commensal strains.

The number of repeat units in each fragment was determined using Equation 5.1 (see

page 103). Based on the number of repeat units, seven different alleles were found in

commensal strains, compared to eight in infection strains. The frequency of alleles of

EAP1 for repeat region 1 found in commensal strains is summarized in Table 5.3, and

presented graphically in Figure 5.6. For comparison, the data from infection strains

have been added in the table and the figure.

Figure 5.6 shows that alleles containing 10 and 11 repeat units predominated

in both commensal and infection strains (the Chi-square goodness of fit test, p <
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Table 5.2: Frequency of allele combinations of EAP1 for repeat region 1 for GPG and
non-GPG strains. For convenience, allele combinations of x and y are written as x-y,
where x and y are the fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats GPG Strains Non-GPG Strains Total

1 408-408 2-2 0 4 4
2 408-1000 2-11 1 0 1
3 468-729 3-7 0 1 1
4 473-883 3-9 0 1 1
5 460-1123 3-13 0 5 5
6 539-752 4-7 0 1 1
7 539-800 4-8 0 1 1
8 527-1000 4-11 0 1 1
9 598-598 5-5 0 1 1
10 598-800 5-8 0 3 3
11 611-1123 6-13 0 1 1
12 586-1206 5-14 0 1 1
13 646-646 6-6 0 2 2
14 646-788 6-8 0 1 1
15 660-1020 6-11 0 1 1
16 729-729 7-7 1 0 1
17 729-800 7-8 0 2 2
18 729-930 7-10 1 0 1
19 729-1000 7-11 1 0 1
20 741-1123 7-13 0 1 1
21 729-1207 7-14 0 1 1
22 800-800 8-8 0 5 5
23 800-860 8-9 0 1 1
24 800-1000 8-11 0 1 1
25 788-1082 8-12 0 1 1
26 800-1123 8-13 1 0 1
27 859-859 9-9 4 0 4
28 859-977 9-11 2 2 4
29 930-930 10-10 6 1 7
30 930-1000 10-11 29 1 30
31 930-1198 10-14 1 0 1
32 1000-1000 11-11 1 4 5
33 1000-1307 11-15 0 1 1
34 1127-1127 13-13 1 1 2
35 1151-1211 13-14 0 1 1

Total 49 47 96
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Figure 5.4: Distribution of allele combinations of the EAP1 gene for repeat region 1
for: a. GPG strains, and b. Non-GPG strains. N represents the number of strains in
a particular group. Due to the limitation of space in the x axis, allele combinations
are written as numbers from 1 to 35 and the legend on the right shows the associated
allele combinations. For convenience, allele combinations of x and y are written as
x-y, where x and y are the number of repeat units. Allele combinations containing 10
and 11 repeat units predominated in GPG strains (the Chi-square goodness of fit test,
p < 0.001). These allele combinations were overrepresented in GPG strains compared
to non-GPG strains (the Chi-square test for contingency tables, p < 0.001).
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Figure 5.5: Distribution of allele combinations of EAP1 for repeat region 1 for:
a. GPG strains, and b. Non-GPG strains, where all strains were isolated from oral
sites. N represents total number of strains in a particular group. For convenience,
allele combinations of x and y are written as x-y, where x and y are the number of
repeat units. Allele combinations containing 10 and 11 repeat units predominated
in GPG strains (the Chi-square goodness of fit test, p < 0.001). These allele com-
binations were overrepresented in GPG strains compared to non-GPG strains (the
Chi-square test for contingency tables, p < 0.001).
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0.001), and there is no significant difference in the distribution of these alleles between

commensal and infection strains (the Chi-square test for contingency tables, p >

0.05). Similar results were also observed in strains isolated from oral sites as shown

in Figure 5.7. These results show that commensal and infection strains have the same

predominant alleles.

Table 5.3: Frequency of alleles of EAP1 for repeat region 1 in commensal strains.
Alleles are represented by the fragment length and the number of repeats. For com-
parison, the data from infection strains have been added.

Allele Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 408 2 0 1 1
2 729 7 1 4 5
3 800 8 1 1 2
4 883 9 2 10 12
5 930 10 25 43 68
6 1000 11 27 35 62
7 1082 12 1 0 1
8 1123 13 1 3 4
9 1207 14 0 1 1

Total 58 98 156

Based on allele length, the number of different allele combinations found in com-

mensal strains was nine, compared to 15 in infection strains. However, based on

the number of repeats, the number of different alleles in commensal strains was eight,

compared to 12 in infection strains. The frequency of allele combinations of the EAP1

gene for repeat region 1 found in commensal strains is summarized in Table 5.4, and

presented graphically in Figure 5.8. For comparison, the data from infection strains

have been added in the table and the figure.

Figures 5.8 shows that allele combinations containing 10 and 11 repeat units pre-

dominated in both commensal and infection strains (the Chi-square goodness of fit

test, p < 0.001). The result from the Chi-square test for contingency tables showed

no significant difference in the distribution of these allele combinations between com-

mensal and infection strains (p > 0.05). Similar results were also observed in strains



CHAPTER 5. ALLELES OF THE EAP1 GENE 112

0

20

40

a. Commensal strains
Region 1
EAP1

 

 

 

N = 58

2 3 4 5 6 7 8 9 10 11 12 13 14
0

20

40
N = 98

b. Infectious strains

 

 

 
Fr

eq
ue

nc
y 

(%
)

Allele (Number of repeat units)

Figure 5.6: Distribution of alleles of EAP1 for repeat region 1 for: a. Commensal
strains, and b. Infection strains. N represents 2 times the number of strains in a
particular group, as there are 2 alleles per strain. Alleles containing 10 and 11 repeat
units predominated in both commensal and infection strains (the Chi-square goodness
of fit test, p < 0.001). There is no significant difference in the distribution of these
alleles between commensal and infection strains (the Chi-square test for contingency
tables, p > 0.05).
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Figure 5.7: Distribution of alleles of EAP1 for repeat region 1 for: a. Commensal
strains, and b. Infection strains, where all strains were isolated from oral sites. N
represents 2 times the number of strains in a particular group, as there are 2 alleles
per strain. Alleles containing 10 and 11 repeat units predominated in both commen-
sal and infection strains (the Chi-square goodness of fit test, p < 0.001). There is
no significant difference in the distribution of these alleles between commensal and
infection strains (the Chi-square test for contingency tables, p > 0.05).
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isolated from oral sites as shown in Figure 5.9. These results show that commensal

and infection strains have the same predominant allele combinations.

Table 5.4: Frequency of allele combinations of EAP1 for repeat region 1 in commen-
sal strains. For comparison, the data from infection strains have been added. For
convenience, allele combinations of x and y are written as x-y, where x and y are the
fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 408-1000 2-11 0 1 1
2 729-729 7-7 0 1 1
3 729-930 7-10 0 1 1
4 729-1000 7-11 1 1 2
5 800-860 8-9 1 0 1
6 800-1123 8-13 0 1 1
7 859-859 9-9 0 4 4
8 859-930 9-10 1 0 1
9 859-977 9-11 0 2 2
10 930-930 10-10 4 6 10
11 930-1000 10-11 16 29 45
12 930-1198 10-14 0 1 1
13 1000-1000 11-11 4 1 5
14 1000-1060 11-12 1 0 1
15 1000-1199 11-13 1 0 1
16 1127-1127 13-13 0 1 1

Total 29 49 78

5.2.3 Diversity of Alleles of the EAP1 Gene For Repeat Re-

gion 1

Allele diversity is quantified by the index of diversity � which is defined by Equa-

tion 3.1 (see page 48). The � values for both the alleles and the allele combinations of

EAP1 for repeat region 1 for GPG, non-GPG, and commensal strains are summarized

in Table 5.5 and presented graphically in Figure 5.10.
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Figure 5.8: Distribution of allele combinations of EAP1 for repeat region 1 for:
a. Commensal strains, and b. Infection strains. N represents the number of strains
in a particular group. For convenience, allele combinations of x and y are written as
x-y, where x and y are the number of repeat units. Allele combinations containing
10 and 11 repeat units predominated in both commensal and infection strains (the
Chi-square goodness of fit test, p < 0.001). There is no significant difference in the
distribution of these allele combinations between commensal and infection strains.
(the Chi-square test for contingency tables, p > 0.05).
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a. Commensal strains, and b. Infection strains, where all strains were isolated from
oral sites. N represents the number of strains in a particular group. For convenience,
allele combinations of x and y are written as x-y, where x and y are the number of
repeat units. Allele combinations containing 10 and 11 repeat units predominated in
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There is no significant difference in the distribution of these allele combinations be-
tween commensal and infection strains. (the Chi-square test for contingency tables,
p > 0.05).
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Table 5.5: Index of diversity of alleles and allele combinations of EAP1 for repeat
region 1 for GPG, non-GPG, and commensal strains.

Index of Diversity
Strains Allele Allele Combination

GPG 0.67 0.64
Non-GPG 0.89 0.96
Commensal 0.61 0.67

5.2.4 Analysis of the Combination of the Two Alleles of the

EAP1 Gene For Repeat Region 1 in An Individual

Strain

In this section, the combination of the two alleles of EAP1 for repeat region 1 in an

individual strain among strains of interest is analysed. Similar to the description for

YWP1 and HWP1 in the previous chapters, the section starts with a description of

the distribution of the differences between the two alleles in an individual strain, and

ends with a calculation of the mean of the differences between the two alleles in an

individual strain among strains of interest.

Figure 5.11 shows the distribution of the differences in the number of repeat units

between the two alleles of EAP1 for repeat region 1 in an individual strain for GPG,

non-GPG, and commensal strains. The percentages of homozygous strains found in

GPG, non-GPG, and commensal strains are 26%, 38%, and 27%, respectively.

The number of homozygous alleles in each group was compared to those expected

if the combination of the alleles was random, taking allele frequency into consider-

ation. For this purpose, a matrix with a size equal to the square of 2 times the

number of strains analysed was generated, i.e. the same procedure used for the anal-

ysis for the YWP1 gene in the previous chapter (see section 3.3.4, page 50). The

frequency of homozygotes and heterozygotes of EAP1 (repeat region 1) for the data

observed and those expected from random alleles is summarized in Table 5.6, and is

presented graphically in Figure 5.12. The figure shows no significant difference be-

tween the number of homozygotes observed and those expected by chance for (GPG)
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Figure 5.11: Distribution of differences in the number of repeat units between the
two alleles of EAP1 for repeat region 1 in an individual strain for: a. GPG strains,
b. Non-GPG strains, and c. (GPG) Commensal strains. N represents the number of
strains in a particular group.
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Figure 5.12: Frequency of homozygotes and heterozygotes of EAP1 for repeat region 1
for GPG, non-GPG, and commensal strains. N represents the number of strains in a
particular group. There is no significant difference between the number of homozy-
gotes observed and those expected by chance (the Chi-square test for contingency
tables , p>0.1) for (GPG) commensal and infection strains. However, for non-GPG
strains, the number of homozygotes is significantly larger than those expected by
chance (the Chi-square test for contingency tables, p<0.001), i.e. EAP1 (1) exhibits
significant excesses of homozygotes in non-GPG strains.
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commensal and infection strains (the Chi-square test for contingency tables , p>0.1).

However, for non-GPG strains, the number of homozygotes is significantly larger than

those expected by chance (the Chi-square test for contingency tables, p<0.001), i.e.

EAP1 (1) in non-GPG strains exhibits significant excesses of homozygotes.

Table 5.6: The number of homozygous strains in GPG, non-GPG, and commensal
strains compared to the expected number by chance. N indicates the number of
strains.

Number of homozygotes Significance
Strains Observed data (N) Expected data (p)

GPG 13 (49) 16 p > 0.1
Non-GPG 18 (47) 5 p < 0.001
Commensal 8 (35) 7 p > 0.1

The mean (± standard deviation) of the differences in the number of repeat units

between the two alleles of the EAP1 gene for repeat region 1 in an individual strain for

GPG, non-GPG, and commensal strains, was determined to be 1.18±1.55, 2.98±3.45,

and 0.86± 0.79, respectively. The result of the t-test between the means of GPG and

non-GPG strains showed that alleles in a GPG strain are significantly more similar

to each other than alleles in a non-GPG strain (p < 0.001). The result of the t-test

between the means of (GPG) commensal and infection strains showed that the two

alleles in a commensal strain did not differ significantly from those in an infection

strain (p > 0.1).

To determine whether the difference between the two alleles in an individual strain

is random or non-random (i.e. is a selective pressure operating ?), the means of the

differences of the alleles found were compared to the means expected if all alleles com-

bined randomly, taking allele frequency into consideration. As explained previously,

a matrix with a size equal to the square of 2 times the number of strains analysed

was generated.

For GPG strains, the mean (± standard deviation) of the differences in the number

of repeat units between the two alleles expected from random alleles was determined

to be 1.24 ± 2.32. The result of the t-test between this mean and the mean from
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observed data of 1.18± 1.55 showed that the two alleles in an individual GPG strain

did not differ significantly from those expected by chance (p > 0.10). For non-GPG

strains, the mean (± standard deviation) of the differences in the number of repeat

units between the two alleles expected from random alleles was determined to be

4.03± 2.96. The result of the t-test between this mean and the mean from observed

data of 2.98 ± 3.45 showed that the two alleles in an individual non-GPG strain are

significantly more similar to each other than those expected by chance (p < 0.01). For

commensal strains, the mean (± standard deviation) of the differences in the number

of repeat units between the two alleles expected from random alleles was determined to

be 0.83±0.91. The result of the t-test between this mean and the mean from observed

data of 0.86± 0.79 showed that the two alleles in an individual commensal strain did

not differ significantly from those expected by chance (p > 0.10),i.e. differences in

number of repeats were random. The mean (± standard deviation) of the differences in

the number of repeat units between the two alleles from observed data, data expected

from random alleles, and the significance of the differences between the means are

summarized in Table 5.7.

Table 5.7: The mean (± standard deviation) of the differences in the number of repeat
units between the two alleles of the EAP1 gene for repeat region 1 in an individual
strain from observed data, data expected from random alleles, and the significance of
the difference between the two means for infection and commensal strains. N indicates
the number of strains.

Mean Differences (± SD) Significance
Strains Observed Differences (N) Expected Differences (N) (p)

GPG 1.18 ± 1.55 (49) 1.24 ± 2.32 (9604) p > 0.10
Non-GPG 2.98 ± 3.45 (47) 4.03 ± 2.96 (8836) p < 0.01
Commensal 0.86 ± 0.79 (29) 0.83 ± 0.91 (3364) p > 0.1



CHAPTER 5. ALLELES OF THE EAP1 GENE 123

5.2.5 Allelic Distribution of the EAP1 Gene For Repeat Re-

gion 1 in Strains Isolated From Different Sites of the

Humans Body

Figure 5.13 shows the distribution of alleles of EAP1 for repeat region 1 in strains

isolated from different sites of the humans body. The distributions of alleles at all

sites appear similar; alleles containing 10 and 11 repeat units predominated at each

site (the Chi-square goodness of fit test, p < 0.001), except at sterile sites, where the

percentage of alleles containing 9 repeat units is comparable to the percentages of

alleles 10 and 11 repeat units. Result of the Chi-square test for contingency tables

showed no significant difference in the distribution of alleles containing 10 and 11

repeat units (and also alleles containing 9 repeat units) between any two sites for all

sites sampled (p > 0.05).

Figure 5.14 shows the distribution of allele combinations of EAP1 for repeat re-

gion 1 in strains isolated from different sites of the humans body. The distributions

of allele combinations at all sites appear similar; allele combinations containing 10

and 11 repeat units predominated at each site (the Chi-square goodness of fit test,

p < 0.001), except at sterile sites, where the percentage of allele combinations contain-

ing 9 and 9 repeat units is comparable to that of 10 and 11 repeat units. The result

of the Chi-square test for contingency tables showed no significant difference in the

distribution of these allele combinations between any two sites for all sites sampled

(p > 0.05).

5.3 Results of Allelic Characterization of the EAP1

Gene For Repeat Region 2

Repeat region 2 of the EAP1 gene from each strain of interest was amplified by

PCR, and the amplicons were characterized by length using genotyping and gel elec-

trophoresis. The use of gel electrophoresis in addition to genotyping was due to the

fact that most of the repeat region lengths in non-GPG strains were larger than 1200
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Figure 5.13: Distribution of alleles of EAP1 for repeat region 1 in strains isolated from
different sites of the humans body. N represents 2 times the number of strains, as there
are 2 alleles per strain. Alleles containing 10 and 11 repeat units predominated at
all sites (the Chi-square goodness of fit test, p < 0.001), except at sterile sites, where
the percentage of alleles containing 9 repeat units is comparable to the percentages of
alleles containing 10 and 11 repeat units. The Chi-square test for contingency tables
showed no significant difference in the distribution of alleles containing 10 and 11
repeat units (and also alleles containing 9 repeat units) between any two sites for all
sites sampled (p > 0.05).
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Figure 5.14: Distribution of allele combinations of EAP1 for repeat region 1 in strains
isolated from different sites of the humans body. N represents the number of strains for
a particular site. Due to the limitation of space in the x axis, the allele combinations
are written as numbers from 1 to 29 and the legend on the right shows the associated
allele combinations. For convenience, allele combinations of x and y are written as x-y,
where x and y are number of repeat units. Allele combinations containing 10 and 11
repeat units predominated at all sites (the Chi-square goodness of fit test, p < 0.001,
except for sterile, p < 0.05). The Chi-square test for contingency tables showed no
significant difference in the distribution of these allele combinations between any two
sites for all sites sampled (p > 0.05).
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bp, which according to the manufacturer’s instructions is much larger than the length

that the genotyping instrument used in this study can quantify. As indicated previ-

ously, since C. albicans is diploid, the results are described for both alleles and allele

combinations.

5.3.1 Allelic Characterization of the EAP1 Gene For Re-

peat Region 2 in GPG and non-GPG Strains (Infection

Strains)

Based on allele length, eight different alleles of EAP1 for repeat region 2 were found

in 48 GPG strains, and 22 in 46 non-GPG strains. In total, there were 25 different

alleles found in 94 infection strains. In order to determine the number of repeat units

for each fragment length, ideally all different fragments would be sequenced. However,

most of the repeat region lengths observed were larger than 700 bp, which according

to the manufacturers instructions is much larger than the length that the instrument

used for this measurement can sequence. For this reason, only some strains were

sequenced. Primers EAP1BF and EAP1BR (see Table 2.5 on page 24) were designed

for the sequencing. The repeat unit identified in DNA sequencing was 18 bp in length

which encodes the 6 amino acid sequence STPATE. The number of repeat units for

each fragment length NRU was calculated using Equation 5.1 (see page 103), where the

values of Lo and Lu were taken from the results of the sequencing, and the non-integer

values of NRU were rounded to the nearest integer. It was found that the number of

different alleles by the fragment length is the same as the number of different alleles by

the number of repeat units. The frequency of alleles of EAP1 for repeat region 2 found

in GPG and non-GPG strains is summarized in Table 5.8, and presented graphically

in Figure 5.15.

Figure 5.15 shows that alleles containing 33 and 48 repeat units predominated

in GPG strains (the Chi-square goodness of fit test, p < 0.001). These alleles were

overrepresented in GPG strains (44 and 35%), compared to non-GPG strains (2 and

2%) (the Chi-square test for contingency tables, p < 0.001). In addition, alleles
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containing 83 and 102 repeat units predominated in non-GPG strains (the Chi-square

goodness of fit test, p < 0.001). These alleles were overrepresented in non-GPG

strains (23 and 27%), compared to GPG strains (2 and 0%) (the Chi-square test for

contingency tables, p < 0.001). Similar results were also observed in strains isolated

from oral sites as shown in Figure 5.16. These results show that GPG and non-GPG

strains have distinct predominant alleles; alleles containing 33 and 48 repeat units are

specific to GPG strains, while alleles containing 83 and 102 are specific to non-GPG

strains.

Based on both allele length and the number of repeat units, eight different allele

combinations were found in GPG strains and 22 in non-GPG strains. In total, there

were 26 different allele combinations found in infection strains. The frequency of

allele combinations of EAP1 for repeat region 2 found in GPG and non-GPG strains

is summarized in Table 5.9, and presented graphically in Figure 5.17.

Figure 5.17 shows that allele combinations containing 33 and 48 repeat units pre-

dominated in GPG strains (the Chi-square goodness of fit test, p < 0.001). These al-

lele combinations were overrepresented in GPG strains (71%), compared to non-GPG

strains (4%) (the Chi-square test for contingency tables, p < 0.001). In addition,

allele combinations containing 83 and 83, and 102 and 102 repeat units predominated

in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). These allele com-

binations were overrepresented in non-GPG strains (41%), compared to GPG strains

(2%) (the Chi-square test for contingency tables, p < 0.001). Similar results were

also observed in strains isolated from oral sites as shown in Figure 5.18. These results

show that GPG and non-GPG strains have distinct predominant allele combinations;

allele combinations containing 33 and 48 repeat units are specific to GPG strains,

while allele combinations containing 83 and 102 are specific to non-GPG strains.
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Table 5.8: Frequency of alleles of EAP1 for repeat region 2 in GPG and non-GPG
strains. Alleles are represented by the fragment length and the number of repeat
units.

Allele Frequency
No Length (bp) No. of repeats GPG Strains Non-GPG Strains Total

1 400 13 0 1 1
2 468 17 12 2 14
3 495 19 1 0 1
4 628 26 0 2 2
5 753 33 42 2 44
6 800 35 0 4 4
7 808 36 0 1 1
8 929 43 0 2 2
9 1000 47 0 3 3
10 1024 48 34 2 36
11 1100 52 0 2 2
12 1158 55 1 0 1
13 1300 63 0 2 2
14 1311 64 2 0 2
15 1325 65 0 4 4
16 1400 69 0 1 1
17 1650 83 2 21 23
18 2000 102 0 25 25
19 2058 105 0 1 1
20 2100 108 0 2 2
21 2200 113 2 2 4
22 2500 130 0 4 4
23 2600 135 0 2 2
24 3000 158 0 5 5
25 4072 228 0 2 2

Total 96 92 188
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Figure 5.15: Distribution of alleles of EAP1 for repeat region 2 for: a. GPG strains,
and b. Non-GPG strains. N represents 2 times the number of strains in each group, as
there are 2 alleles per strain. Due to the limitation of space in the x axis, alleles were
written as numbers from 1 to 25 and the legend on the right shows the associated
alleles. Alleles containing 33 and 48 repeat units predominated in GPG strains (the
Chi-square goodness of fit test, p < 0.001). There is a significant difference in the
distribution of these alleles between GPG and non-GPG strains (the Chi-square test
for contingency tables, p < 0.001). In addition, alleles containing 83 and 102 repeat
units predominated in non-GPG strains (the Chi-square goodness of fit test, p <
0.001). There is a significant difference in the distribution of these alleles between
GPG and non-GPG strains (the Chi-square test for contingency tables, p < 0.001).
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Figure 5.16: Distribution of alleles of EAP1 for repeat region 2 for: a. GPG strains,
and b. Non-GPG strains, where all strains were isolated from oral sites. N represents
2 times the number of strains in each group, as there are 2 alleles per strain. Alle-
les containing 33 and 48 repeat units predominated in GPG strains (the Chi-square
goodness of fit test, p < 0.001). There is a significant difference in the distribution of
these alleles between GPG and non-GPG strains (the Chi-square test for contingency
tables, p < 0.001). In addition, alleles containing 83 and 102 repeat units predomi-
nated in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). There is a
significant difference in the distribution of these alleles between GPG and non-GPG
strains (the Chi-square test for contingency tables, p < 0.001).
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Table 5.9: Frequency of allele combinations of EAP1 for repeat region 2 in GPG and
non-GPG strains. For convenience, allele combinations of x and y are written as x-y,
where x and y are the fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats GPG Strains Non-GPG Strains Total

1 400-1000 13-47 0 1 1
2 468-468 17-17 6 1 7
3 495-753 19-33 1 0 1
4 628-628 26-26 0 1 1
5 753-753 33-33 3 0 3
6 753-1024 33-48 34 2 36
7 753-1158 33-55 1 0 1
8 800-800 35-35 0 2 2
9 808-2058 36-105 0 1 1
10 929-929 43-43 0 1 1
11 1000-1000 47-47 0 1 1
12 1100-1100 52-52 0 1 1
13 1300-1300 63-63 0 1 1
14 1311-1311 64-64 1 0 1
15 1325-1325 65-65 0 2 2
16 1400-2000 69-102 0 1 1
17 1650-1650 83-83 1 9 10
18 1650-2000 83-102 0 3 3
19 2000-2000 102-102 0 10 10
20 2000-3000 102-158 0 1 1
21 2100-2100 108-108 0 1 1
22 2200-2200 113-113 1 1 2
23 2500-2500 130-130 0 2 2
24 2600-2600 135-135 0 1 1
25 3000-3000 158-158 0 2 2
26 4072-4072 228-228 0 1 1

Total 48 46 94
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Figure 5.17: Distribution of allele combinations EAP1 of repeat region 2 for: a. GPG
strains, and b. Non-GPG strains. N represents the number of strains in each group.
Due to the limitation of space in the x axis, allele combinations were written as num-
bers from 1 to 26 and the legend on the right shows the associated allele combinations.
For convenience, allele combinations of x and y are written as x-y, where x and y are
number of repeat units. Allele combinations containing 33 and 48 repeat units pre-
dominated in GPG strains (the Chi-square goodness of fit test, p < 0.001). There is a
significant difference in the distribution of these allele combinations between GPG and
non-GPG strains (the Chi-square test for contingency tables, p < 0.001). In addition,
allele combinations containing 83 and 83, and 102 and 102 repeat units predominated
in non-GPG strains (the Chi-square goodness of fit test, p < 0.001). There is a sig-
nificant difference in the distribution of these allele combinations between GPG and
non-GPG strains (the Chi-square test for contingency tables, p < 0.001).
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Figure 5.18: Distribution of allele combinations of EAP1 for repeat region 2 for:
a. GPG strains, and b. Non-GPG strains, where all strains were isolated from oral
sites. N represents the number of strains in each group. For convenience, allele
combinations of x and y are written as x-y, where x and y are number of repeat units.
Allele combinations containing 33 and 48 repeat units predominated in GPG strains
(the Chi-square goodness of fit test, p < 0.001). There is a significant difference in
the distribution of these allele combinations between GPG and non-GPG strains (the
Chi-square test for contingency tables, p < 0.001). In addition, allele combinations
containing 83 and 83, and 102 and 102 repeat units predominated in non-GPG strains
(the Chi-square goodness of fit test, p < 0.001). There is a significant difference in
the distribution of these allele combinations between GPG and non-GPG strains (the
Chi-square test for contingency tables, p < 0.001).
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Table 5.10: Frequency of alleles of EAP1 for repeat region 2 in commensal strains.
Alleles are represented by the fragment length and the number of repeat units. For
comparison, the data from infection strains have been added.

Allele Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 468 17 0 12 12
2 495 19 0 1 1
3 753 33 28 42 70
4 800 35 2 0 2
5 843 38 2 0 2
6 924 43 1 0 1
7 1024 48 27 34 61
8 1158 55 0 1 1
9 1311 64 0 2 2
10 1650 83 0 2 2
11 2200 113 2 2 4

Total 62 96 144

Table 5.11: Frequency of allele combinations of EAP1 for repeat region 2 in commen-
sal strains. For comparison, the data from infection strains have been added. For
convenience, allele combinations of x and y are written as x-y, where x and y are the
fragment length in bp or the number of repeat units.

Allele Combination Frequency
No Length (bp) No. of repeats Commensal Strains Infection Strains Total

1 468-468 17-17 0 6 6
2 495-753 19-33 0 1 1
3 753-753 33-33 3 3 6
4 753-1024 33-48 22 34 56
5 753-1158 33-55 0 1 1
6 800-800 35-35 1 0 1
7 843-843 38-38 1 0 1
8 929-1024 43-48 1 0 1
9 1024-1024 48-48 2 0 4
10 1311-1311 64-64 0 1 1
11 1650-1650 83-83 0 1 1
12 2200-2200 113-113 1 1 2

Total 31 48 80
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5.3.2 Allelic Characterization of the EAP1 Gene For Repeat

Region 2 in Commensal Strains

Based on both allele length and the number of repeat units, six different alleles were

found in commensal strains, compared to eight in infection strains. The frequency

of alleles of EAP1 for repeat region 2 found in commensal strains is summarized in

Table 5.10, and presented graphically in Figure 5.19. For comparison, the data from

infection strains have been added in the table and the figure.

Figure 5.19 shows that alleles containing 33 and 48 repeat units predominated in

both commensal and infection strains (the Chi-square goodness of fit test, p < 0.001).

There is no significant difference in the distribution of these alleles between commensal

and infection strains (the Chi-square for contingency table, p > 0.05). Similar results

were also observed in strains isolated from oral sites as shown in Figure 5.20. These

results show that commensal and infection strains have the same predominant alleles.

Based on both allele length and the number of repeat units, seven different allele

combinations were found in commensal strains, compared to eight combinations in

infection strains. The frequency of allele combinations of the EAP1 gene for repeat

region 2 found in commensal strains is summarized in Table 5.11, and presented

graphically in Figure 5.21. For comparison, the data from infection strains have been

added in the table and the figure.

Figure 5.21 shows that allele combinations containing 33 and 48 repeat units pre-

dominated both in commensal and infection strains (the Chi-square goodness of fit

test, p < 0.001). There is no significant difference in the distribution of these allele

combinations between commensal and infection strains (the Chi-square for contin-

gency table, p > 0.05). Similar results were also observed in strains isolated from

oral sites as shown in Figure 5.22. These results show that commensal and infection

strains have the same predominant allele combinations.



CHAPTER 5. ALLELES OF THE EAP1 GENE 136

0

10

20

30

40

50

N = 96

N = 62

a. Commensal strains
EAP1(2)

 

 

 

0

10

20

30

40

50

113836455484338353319

b. Infectious strains

Fr
eq

ue
nc

y 
(%

)

 

 

 

Allele (Number of repeat units)

17

Figure 5.19: Distribution of alleles of the EAP1 gene for repeat region 2 for: a. Com-
mensal strains, and b. Infection strains. N represents 2 times the number of strains in
each group, as there are 2 alleles per strain. Alleles containing 33 and 48 repeat units
predominated in both commensal and infection strains (the Chi-square goodness of fit
test, p < 0.001). There is no significant difference in the distribution of these alleles
between commensal and infection strains (the Chi-square test for contingency tables,
p > 0.05).
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Figure 5.20: Distribution of alleles of EAP1 for repeat region 2 by the number of
repeat units for: a. Commensal strains, and b. Infection strains, where all strains
were isolated from oral sites. N represents 2 times the number of strains in each
group, as there are 2 alleles per strain. Alleles containing 33 and 48 repeat units
predominated in both commensal and infection strains (the Chi-square goodness of
fit test, p < 0.001). There is no significant difference in the distribution of these alleles
between commensal and infection strains (the Chi-square test for contingency tables,
p > 0.05).
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Figure 5.21: Distribution of allele combinations of EAP1 for repeat region 2 for:
a. Commensal strains, and b. Infection strains. N represents the number of strains in
each group. For convenience, allele combinations of x and y are written as x-y, where
x and y are the number of repeat units. Allele combinations containing 33 and 48
repeat units predominated in both commensal and infection strains (the Chi-square
goodness of fit test, p < 0.001). There is no significant difference in the distribution
of these allele combinations between commensal and infection strains (the Chi-square
for contingency tables, p > 0.05).
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Figure 5.22: Distribution of allele combinations of EAP1 for repeat region 2 for:
a. Commensal strains, and b. Infection strains, where all strains were isolated from oral
sites. N represents the number of strains in each group. For convenience, allele com-
binations of x and y are written as x-y, where x and y are the number of repeat units.
Allele combinations containing 33 and 48 repeat units predominated both in com-
mensal and infection strains (the Chi-square goodness of fit test, p < 0.001). There
is no significant difference in the distribution of these allele combinations between
commensal and infection strains (the Chi-square for contingency tables, p > 0.05).
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5.3.3 Diversity of Alleles of the EAP1 Gene For Repeat Re-

gion 2

Allele diversity is quantified by the index of diversity � which is defined by Equa-

tion 3.1 (see page 48). The � values of both the EAP1 alleles and allele combinations

of GPG, non-GPG, and commensal strains are summarized in Table 5.12, and pre-

sented graphically in Figure 5.23.

The results show that the diversity of alleles and allele combinations is influenced

by the genetic diversity of the strains: GPG strains with less genetic diversity have

smaller allele diversity than non-GPG strains with large genetic diversity. In con-

trast, infection and commensal strains have similar diversity i.e. allele diversity is

independent of whether the strains exhibit a commensal or an infection phenotype.

Table 5.12: Index of diversity � of alleles and allele combinations of EAP1 for repeat
region 2 in GPG, non-GPG, and commensal strains.

Index of Diversity
Strains Allele Allele Combination

GPG 0.67 0.49
Non-GPG 0.87 0.96
Commensal 0.61 0.49

5.3.4 Analysis of the Combination of the Two Alleles of the

EAP1 Gene of For Repeat Region 2 in An Individual

Strain

Similar to the description for YWP1 and HWP1 in the previous chapters, the section

starts with a description of the distribution of the differences between the two alleles

in an individual strain, and ends with a calculation of the mean of the differences

between the two alleles in an individual strain among strains of interest.

Figure 5.24 shows the distribution of differences in the number of repeat units

between the two alleles of the EAP1 gene for repeat region 2 in an individual strain
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Figure 5.24: Distribution of the differences in the number of repeat units between the
two alleles of EAP1 for repeat region 2 in an individual strain for: a. GPG strains,
b. Non-GPG strains, and c. Commensal strains. N represents the number of strains
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for GPG, non-GPG, and commensal strains. The percentages of homozygous strains

found in GPG, non-GPG, and commensal strains are 25%, 80%, and 26%, respectively.

The number of homozygous alleles in each group was compared to those expected if

the combination of the alleles was random, taking allele frequency into consideration.

For this purpose, a matrix with a size equal to the square of 2 times the number of

strains analysed was generated, i.e. the same procedure used for the analysis for the

YWP1 gene in the previous chapter (see section 3.3.4, page 50). The frequency of

homozygotes and heterozygotes of EAP1 (repeat region 1) for the data observed and

those expected from random alleles is summarized in Table 5.13, and is presented

graphically in Figure 5.25. The figure shows no significant difference between the

number of homozygotes observed and those expected by chance for (GPG) commensal

(the Chi-square test for contingency tables , p>0.1) and infection strains (p>0.05).

However, for non-GPG strains, the number of homozygotes is significantly larger than

those expected by chance (the Chi-square test for contingency tables, p<0.001), i.e.

EAP1 (1) exhibits significant excesses of homozygotes.

Table 5.13: The number of homozygous strains in GPG, non-GPG, and commensal
strains compared to the expected number by chance. N indicates the number of
strains.

Number of homozygous strains Significance
Strains Observed (N) Randomly expected (p)

GPG 12 (48) 16 p > 0.1
Non-GPG 37 (47) 7 p < 0.001
Commensal 8 (31) 12 p > 0.05

The mean (± standard deviation) of the differences in the number of repeat units

between the two alleles in an individual strain was determined to be 11.4 ± 6.7,

6.1± 14.9, and 10.8± 6.7, for GPG, non-GPG, and commensal strains, respectively.

The result of the t-test between the two means of GPG and non-GPG strains showed

that alleles in a GPG strain are significantly more different to each other than alleles

in a non-GPG strain (p < 0.01). The result of the t-test between the two means of

(GPG) commensal and infection strains showed that alleles in a commensal strains
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Figure 5.25: Frequency of homozygotes and heterozygotes of EAP1 for repeat region 2
for GPG, non-GPG, and commensal strains. N represents the number of strains in a
particular group. There is no significant difference between the number of homozy-
gotes observed and those expected by chance for (GPG) commensal (the Chi-square
test for contingency tables , p>0.1) and infection strains (p>0.05). However, for non-
GPG strains, the number of homozygotes is significantly larger than those expected by
chance (the Chi-square test for contingency tables, p<0.001), i.e. EAP1 (2) exhibits
significant excesses of homozygotes in non-GPG strains.
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did not differ significantly from alleles in an infection strain (p > 0.1).

To determine whether the difference between the two alleles in an individual strain

is random or non-random, the means of the differences of the alleles found were com-

pared to the means expected if all alleles combined randomly, taking allele frequency

into consideration. As explained previously, a matrix with the size equal to square of

2 times the number of strains analysed was generated for this purpose.

For GPG strains, the mean (± standard deviation) of the differences in the number

of repeat units between the two alleles expected from random alleles was determined to

be 15.8±17.9. The result of the t-test between this mean and the mean from observed

data 11.4 ± 6.7 showed that alleles in a GPG strain are significantly more similar to

each other than those expected by chance (p < 0.05). For non-GPG strains, the

mean (± standard deviation) of the differences in the number of repeat units between

the two alleles expected from random alleles was determined to be 42.2 ± 37.0. The

result of the t-test between this mean and the mean from observed data 6.1 ± 14.9

showed that alleles in a non-GPG strain are significantly more similar to each other

than those expected by chance (p < 0.005). For commensal strains, the mean (±

standard deviation) of the differences in the number of repeat units between the two

alleles expected from random alleles was determined to be 11.5 ± 17.3. The result

of the t-test between this mean and the mean from observed data 10.8± 6.7 showed

that alleles in a commensal strain did not differ significantly from those expected

by chance (p > 0.10). The mean (± standard deviation) of the differences in the

number of repeat units between the two alleles from observed data, data expected

from random alleles, and the significance of the differences between the means are

summarized in Table 5.14.
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Table 5.14: The mean (± standard deviation) of the differences in the number of
repeat units between the two alleles of EAP1 for repeat region 2 in an individual
strain from observed data, data expected from random alleles, and the significance of
the difference between the two means for GPG, non-GPG, and commensal strains. N
indicates the number of data.

Mean Differences (± SD) Significance
Strains Observed Differences (N) Expected Differences (N) (p)

GPG 11.4 ± 6.7 (48) 15.8 ± 17.5 (9216) p < 0.05
Non-GPG 6.1 ± 14.9 (46) 42.2 ± 37.0 (8464) p < 0.005
Commensal 10.8 ± 6.7 (31) 11.5 ± 17.3 (3844) p > 0.10

5.3.5 Allelic Distribution of the EAP1 Gene For Repeat Re-

gion 2 in Strains Isolated From Different Sites of the

Humans Body

Figure 5.26 shows the distribution of alleles of EAP1 for repeat region 2 in strains

isolated from different sites of the humans body. Alleles containing 33 and 48 repeat

units predominated at oral and vagina sites (the Chi-square goodness of fit test, p <

0.001), while at skin, urine, and sterile sites, no obvious pattern of any predominant

alleles was observed. The result of the Chi-square test for contingency tables showed

no significant difference in the distribution of these alleles between any two sites for

all sites sampled (p > 0.05).

Figure 5.27 shows the distribution of allele combinations of EAP1 for repeat re-

gion 2 in strains isolated from different sites of the humans body. The distributions of

allele combinations at all sites appear similar; allele combination containing 33 and 48

repeat units predominated at all sites (the Chi-square goodness of fit test, p < 0.001).

The result of the Chi-square test for contingency tables showed no significant differ-

ence in the distribution of these allele combinations between any two sites for all sites

sampled (p > 0.05).
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Figure 5.26: Distribution of alleles of EAP1 for repeat region 2 in strains isolated from
different sites of the humans body. N represents 2 times the number of strains at each
site, as there are 2 alleles per strain. Due to the limitation of space in the x axis,
alleles were written as numbers from 1 to 25, and the legend on the right represents
the associated alleles. Alleles containing 33 and 48 repeat units predominated at oral
and vagina sites (the Chi-square goodness of fit test, p < 0.001). At skin, urine, and
sterile sites, no obvious pattern of any predominant alleles was observed. The result
of the Chi-square test for contingency tables showed no significant difference in the
distribution of these alleles between any two sites for all sites sampled (p > 0.05).
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Figure 5.27: Distribution of allele combinations of EAP1 for repeat region 2 in strains
isolated from different sites of the humans body. N represents the number of strains
at each site. Due to the limitation of space in the x axis, allele combinations were
written as numbers from 1 to 26, and the legend on the right represents the associated
allele combinations. For convenience, allele combinations of x and y are written as
x-y, where x and y are the number of repeat units. Allele combinations containing
33 and 48 repeat units predominated at all sites (the Chi-square goodness of fit test,
p < 0.001). The result of the Chi-square test for contingency tables showed no
significant difference in the distribution of these allele combinations between any two
sites for all sites sampled (p > 0.05).
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5.4 Allele Combinations of the EAP1 Gene For

Pairs of Repeat Regions 1 and 2

In the previous sections, the results of allelic characterization of EAP1 for repeat

regions 1 and 2 are described separately. In this section, the repeat regions 1 and

2 are described as one representation of the EAP1 gene. For convenience, allele

combinations of EAP1 for pairs of repeat regions 1 and 2 are referred to as genotypes

of EAP1.

The genotypes of EAP1 are described in a three dimensional graph, where each of

the two horizontal axes represents allele combinations of each repeat region, and the

vertical axis represents the frequency of the genotypes. For convenience, the genotypes

are written as ”p-q + r-s”, where ”p-q” and ”r-s” associate with repeat regions 1 and

2, respectively, and p, q, r, s are the number of repeat units.

5.4.1 Genotypes of the EAP1 Gene in GPG and Non-GPG

Strains

Figures 5.28 and 5.29 show the distributions of genotypes of EAP1 for GPG and non-

GPG strains, respectively. Figure 5.28 indicates that there are 13 different genotypes

in GPG strains, while Figure 5.29 indicates that there are 42 different genotypes in

non-GPG strains. In total, there are 49 different genotypes found in infection strains.

Figure 5.28 shows that genotypes containing 33 and 48 repeats of repeat region 1,

and 10 and 11 repeats of repeat region 2 predominated in GPG strains (the Chi-square

goodness of fit test, p < 0.001). These genotypes were overrepresented in GPG strains,

compared to non-GPG strains (the Chi-square test for contingency tables, p < 0.001).

Figure 5.29 shows no obvious pattern of any predominant genotypes in non-GPG

strains.
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Figure 5.28: Distribution of genotypes of EAP1 for GPG strains. N represents the
number of strains characterized. There are 13 different genotypes reflected by the
number of bars in the graph. Genotypes containing 33 and 48 repeat units of repeat
region 1, and 10 and 11 repeat units of repeat region 2 predominated in GPG strains
(the Chi-square goodness of fit test, p < 0.001). These genotypes were overrepresented
in GPG strains, compared to non-GPG strains shown in Figure 5.29 (the Chi-square
test for contingency tables, p < 0.001).
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5.4.2 Genotypes of the EAP1 Gene in Commensal Strains

Figure 5.30 shows the distribution of 11 genotypes of the EAP1 gene identified in

commensal strains. The figure shows that genotypes containing 33 and 48 repeat

units of repeat region 1 and 10 and 11 repeat units of repeat region 2 predominated

in commensal strains (the Chi-square goodness of fit test, p < 0.001). The results

of the Chi-square test for contingency tables showed no significant difference in the

distribution of these genotypes between commensal strains and infection strains shown

in Figure 5.28 (p > 0.05).

5.5 Discussion

The aim of this particular study of the EAP1 gene was to find out whether EAP1 is a

contingency gene, i.e. whether EAP1 has a role in adaptation by changing the number

of repeat units within the coding sequences. For this purpose, allelic distribution of

EAP1 in GPG and non-GPG strains, in commensal and infection strains, and in

strains isolated from different sites of the humans body was examined and compared

one with another.

5.5.1 Variability in the number of EAP1 repeats

This study reveals that there is a variability in the number of EAP1 repeats observed

from different strains. From 96 infection strains, 15 and 25 different alleles of EAP1

were detected for repeat regions 1 and 2, respectively, which formed 13 and 26 different

allele combinations. Likewise, from 29 commensal strains, seven and six different

alleles of EAP1 were detected for repeat regions 1 and 2, respectively, which formed

eight and seven different allele combinations. From total 125 strains, there were

15 different alleles detected, which form 38 different different allele combinations of

EAP1 for repeat region 1, and 26 different alleles detected, which form 29 different

different allele combinations of EAP1 for repeat region 2. The number of different

EAP1 alleles observed is more than that observed for YWP1 and HWP1 (eight and
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Figure 5.30: Distribution of genotypes of EAP1 for commensal strains. N represents
the number of strains characterized. There are 11 different genotypes reflected by the
number of bars in the graph. Genotypes containing 33 and 48 repeat units of repeat
region 1, and 10 and 11 repeat units of repeat region 2 predominated in commensal
strains (the Chi-square goodness of fit test, p < 0.001). There is no significant differ-
ence in the distribution of these genotypes between commensal strains and infection
strains of Figure 5.28 (the Chi-square test for contingency tables, p > 0.05).
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five different alleles). The higher number of different EAP1 alleles observed compared

to YWP1 and HWP1 may indicate that EAP1 has a relatively high mutation rate.

The mutation rate of EAP1 will be discussed in Chapter 7, while the indication that

EAP1 may have no role in adaptation will be discussed in the following section.

It has been described in Chapter 3 that the variability in the number of repeat

units appears to relate to the the ability of the C.albicans cells to adhere to the

host [27, 28, 29]. In relation to that, it has been suggested that EAP1p play a

role in adhesion. For example, deleting EAP1 results in 30% reduction of C. albicans

adhesion ability in a humans cell line, and expression of EAP1 in S. cerevisiae EAP1p

increased the adherent ability of this fungus to HEK293 kidney epithelial cells [65].

In addition, it has been demonstrated that EAP1p has three domains, which relate

to the adherent ability of the C.albicans cell: i) N-terminal ligand-binding domain,

ii) N-terminal repeat domain (repeat region 2 of this study), and iii) C-terminal repeat

domain (repeat region 1 of this study) [66]. The two Eap1p repeats appear to play

a direct role in adhesion of C. albicans. N-terminal repeat domain (repeat region

2 of this study) and C-terminal repeat domain (repeat region 1 of this study) are

required for adhesion to polystyrene while only N-terminal repeat domain is required

to mediate adhesion to mammalian epithelial cells [66].

5.5.2 GPG and non-GPG strains have distinct predominant

alleles and allele combinations of EAP1

The results of allelic characterization of the EAP1 gene for repeat region 1 showed

that GPG and non-GPG strains have distinct predominant alleles (see Figure 5.2

on page 105), but predominant allele combinations of EAP1 were only observed in

GPG strains (see Figure 5.4 on page 109). Alleles containing 10 and 11 repeat units

predominated in GPG strains, while alleles containing 8 and 11 repeat units predom-

inated in non-GPG strains. Allele combinations containing 10 and 11 repeat units

predominated in GPG strains, but no obvious predominant allele combinations were

observed in non-GPG strains. The results for allele combinations are in agreement
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with the results for other genes of C.albicans such as ALS7 [32], PNG2 [51], and

SSR1 [52].

The results of allelic characterization of the EAP1 gene for repeat region 2 showed

that GPG and non-GPG strains have distinct predominant alleles and allele combi-

nations (see Figure 5.15 on page 129 and Figure 5.17 on page 132). Allele combina-

tions of EAP1 containing 33 and 48 repeat units predominated in GPG strains, and

overrepresented in GPG strains compared to non-GPG strains. In addition, allele

combinations containing 83 and 83 repeat units, and 102 and 102 repeat units pre-

dominated in non-GPG strains, and overrepresented in non-GPG strains compared

to GPG strains. These results showed that there are specific allele combinations of

EAP1 for repeat region 2 associated with each group of infection strains. However,

the percentage of the predominant allele combinations in GPG strains is larger than

that in non-GPG strains.

One of the differences in the distribution of allele combinations of EAP1 for re-

peat regions 1 and 2 is that there are predominant allele combinations for repeat

region 2 in non-GPG strains, but no obvious predominant allele combinations for re-

peat region 1 were observed in non-GPG strains. The percentage of the predominant

allele combination of EAP1 for repeat region 2 is larger in GPG strains compared to

non-GPG strains. These results are similar to the results for the YWP1 gene, which

support the argument that : i) the distinct predominant allele combinations in GPG

and non-GPG strains are related to the genetic backgrounds, and ii) the percent-

ages of the predominant allele combinations were influenced by the genetic diversity

among the strains in each group. The implications of the fact that some non-GPG

strains have predominant allele combinations (YWP1 and EAP1 repeat region 2),

while others show no obvious pattern (EAP1 repeat region 1, ALS7 [32], PNG2 [51],

and SSR1 [52]) are still required more explanation. In Chapter 6, the possibility that

the predominant allele combinations may relate to the gene interconnectedness will

be discussed, and in Chapter 7, the possibility of the impact of the mutation rate on

the predominant allele combinations will be discussed.
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The allelic distributions of EAP1 for both repeat regions 1 and 2 in GPG and non-

GPG strains imply that EAP1 is not involved in adaptation by changing the number

of repeats units within coding sequences. Therefore, EAP1 cannot be categorized as

a contingency gene. The allelic distributions of EAP1 for repeat regions 1 and 2 are

different from the allelic distributions of YWP1, where GPG and non-GPG strains

select the same predominant alleles beside distinct predominant alleles selected by

non-GPG strains, and allelic distribution of HWP1 where GPG and non-GPG strains

select the same predominant alleles and allele combinations. If EAP1 had a role in

adaptation, GPG and non-GPG strains should select the same predominant alleles

as shown by YWP1 or the same allele combinations as shown by HWP1. In fact,

for repeat region 1, there were no obvious predominant allele combinations of EAP1

observed in non-GPG strains, while for repeat region 2 non-GPG strains select the

predominant alleles and allele combinations different from those selected by GPG

strains.

The allelic distributions of EAP1 for both repeat regions in GPG and non-GPG

strains show no indication of a selective pressure on the gene. It has been suggested

that if there is a selective pressure on the gene, the influence of the genetic background

is diminished [57]. Therefore, the EAP1 allelic distributions are mostly influenced by

the genetic background. This is similar to the results for ALS7 [32], PNG2 [51], and

SSR1 [52].

The fact that GPG and non-GPG strains select the same YWP1 and HWP1

predominant alleles, but different EAP1 predominant alleles suggests that EAP1 is

not as important as YWP1 and HWP1 for C. albicans to function optimally in its

host. This argument is in the sense that for YWP1 and HWP1, there are particular

number of repeats in the coding sequences required for C. albicans to function properly

in its host, thus selected by both GPG and non-GPG strains, while for EAP1, there

were no such requirements, i.e. C. albicans can still function with a variation in the

number of repeats in the coding sequences.

However, how EAP1p mediates adhesion of C. albicans cell to host cell remains

unclear. There are three possible interactions for that purpose: specific interaction
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such as ligand-adhesin bonds, and unspecific interactions such as hydrophobic and

electrostatic interactions [10, 90, 91, 92, 93, 94]. The attachment of C. albicans cell

to the host cell through HWP1p involves ligand-adhesin bond. However, the cell

surface component (ligand) that HWP1p binds is unidentified yet, and it might be

through one of the three interactions mentioned above. So far, ligands for C. albicans

adhesins have not been identified yet. However, for C. glabrata, Epa1p that has slight

homology to EAP1p of C. albicans binds to N-acetyl lactosamine glycoconjugates

of mammalian cell [95]. Whether N-acetyl lactosamine glycoconjugates also act as

ligand in the interaction of C. albicans EAP1p with the host cell still needs more

investigation. Whatever interaction between EAP1p and the host cell occurs, there

is no need to choose specific allele combinations in order to adapt to the host.

The two repeat domains of EAP1p appear also to play no direct role in adhesion of

C. albicans through their function in supporting the N terminal ligand-binding domain

away into extracellular environment, where it can mediate yeast cell-cell adhesion

[66]. The increased cell-cell adhesion has been found to increase invasive growth in

S. cerevisae [96], and has been suggested also to cause invasive growth in C. albicans

[66]. To do this job, EAP1p repeats do not show any requirements of adaptation.

5.5.3 The number of EAP1 repeats does not alter when

C. albicans state changes from commensal to pathogenic

The comparison of the distributions of allele combinations of EAP1 for repeat region

1 in commensal and infection strains showed that no significant difference in the dis-

tribution of the predominant alleles and allele combinations of EAP1 in commensal

and infection strains (see Figure 5.6 on page 112 and Figure 5.8 on page 115). The

results for repeat region 2 are similar to the results for repeat region 1 (see Figure 5.19

on page 136 and Figure 5.21 on page 138). In addition, the percentages of the pre-

dominant alleles and allele combinations are similar, and consequently the variation

of allele combinations shown by the index of diversity is similar in both commensal

and infection strains (see Figure 5.10 on page 117 and Figure 5.23 on page 141 for
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repeat regions 1 and 2, respectively). The same predominant allele combinations of

the repeat regions 1 and 2 of the EAP1 gene of commensal and infection strains indi-

cate no association between allele combinations with the immune status of the host.

This suggests that the number of EAP1 repeats does not alter when C. albicans state

changes from commensal to pathogenic. This is in agreement with the results for the

YWP1 and HWP1 genes described in the previous chapters. Like YWP1 and HWP1,

it seems that for EAP1, C. albicans select particular allele combinations when growing

in both colonization of healthy individuals and in the invasion of immunocompromised

individuals.

5.5.4 The number of EAP1 repeats does not alter when

C. albicans moves to particular sites of the humans

body

This study showed no significant difference in the distribution of alleles and allele

combinations of EAP1 for any humans body sites sampled (see Figure 5.13 on page 124

and Figure 5.14 on page 125 for repeat region 1, and Figure 5.26 on page 147 and

Figure 5.27 on page 148 for repeat region 2). The results suggest that The number of

EAP1 repeats does not alter when C. albicans moves to particular sites of the humans

body. This is similar to the results for the YWP1 and HWP1 explained previously,

which is in agreement with the results of studies on ALS7 [32], PNG2 [51], SSR1

[52], and a study on bloodstream and non-bloodstream isolates [85].

This result shows that there is no influence of the different environmental con-

ditions (provided by different sites of the humans body) on the EAP1 allelic dis-

tributions. This is also supported by the evidence that there is a similarity in the

EAP1 allelic distributions in strains isolated from oral sites compared to all strains

from different sites. For example, the distribution of allele combinations of EAP1 for

repeat region 1 in GPG and non-GPG strains isolated from oral sites (see Figure 5.5

on page 110) is similar to the distribution of allele combinations of EAP1 for in GPG

and non-GPG strains from all infection strains tested (see Figure 5.4 on page 109).
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The same is true when comparing allele combinations of EAP1 for repeat region 1 in

commensal and infection strains (see Figures 5.9 and 5.8 on pages 116 and 115). The

same results were shown by the allelic distributions of EAP1 for repeat region 2.

5.5.5 The homozygous and heterozygous alleles of EAP1

The analysis of the combination of the two alleles of EAP1 for repeat region 1 in

an individual strain showed that EAP1 (1) exhibits deficit of homozygotes in GPG

strains, but the deficit of homozygotes is not significant (see Table 5.6 on page 121).

This result is similar to the result for ALS3 [33]. In contrast, the analysis showed that

EAP1 (1) exhibits a significant excesses of homozygotes in non-GPG strains, which

is similar to the results for ALS5 and ALS6 [33]. In addition, EAP1 (1) exhibits

excesses of homozygotes in commensal strains, but the excesses of homozygotes is not

significant.

The analysis of the combination of the two alleles in an individual strain showed

that the two alleles of EAP1 (1) in a GPG strain did not differ significantly from those

expected by chance (see Table 5.7 on page 122). This result is similar to the result for

YWP1 in a non-GPG strain explained in chapter 3. In contrast, the analysis showed

that the two alleles of EAP1 (1) in a non-GPG strain are significantly more similar

to each other than those expected by chance . This result is similar to the results for

ALS5, ALS6, and ALS7 [32, 33], and for YWP1 in (GPG) infection and commensal

strains explained in chapter 3. However, this result is in contrast to the result for

ALS3 which showed the observed difference is significantly larger than the expected

difference by chance [27, 33]. In addition, the analysis also showed that the two alleles

of EAP1 (1) in a commensal strain did not differ significantly from those expected by

chance, which is similar to the results for (GPG) infection strains.

The analysis of the combination of the two alleles of EAP1 for repeat region 2

in an individual strain showed that EAP1 (2) exhibits deficit of homozygotes in GPG

strains, but the deficit of homozygotes is not significant (see Table 5.13 on page 143).

This result is similar to the result for ALS3 [33]. In contrast, the analysis showed that

EAP1 (2) exhibits a significant excesses of homozygotes in non-GPG strains, which is
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similar to the results for ALS5 and ALS6 [33]. In addition, EAP1 (2) exhibits deficit

of homozygotes in commensal strains, but the deficit of homozygotes is not significant,

similar to the result for (GPG) infection strains.

The analysis of the combination of the two alleles in an individual strain showed

that the two alleles of EAP1 (2) in a GPG strain and a non-GPG strain are significantly

more similar to each other than those expected by chance (see Table 5.14 on page 146).

This result is similar to the results for ALS5, ALS6, and ALS7 [32, 33], and for

YWP1 in (GPG) infection and commensal strains explained in chapter 3. However,

this result is in contrast to the result for ALS3 which showed the observed difference

is significantly larger than the expected difference by chance [27, 33]. In addition, the

analysis also showed that the two alleles of EAP1 (2) in a commensal strain did not

differ significantly from those expected by chance, which is similar to the result for

YWP1 in a non-GPG strain explained in chapter 3.



Chapter 6

Interconnectedness Between Alleles

of the YWP1 and HWP1 and

EAP1 Genes

This chapter describes the interconnectedness between alleles of YWP1, HWP1, and

EAP1. The interconnectedness between alleles from different genes is defined as a

non-random association between the alleles. A comparison of any interconnectedness

in GPG and non-GPG strains may provide insights into the impact of the genetic

background on the gene interconnectedness, while a comparison of any interconnect-

edness in infection and commensal strains may provide insights into the impact of the

immune status of the host on the gene interconnectedness.

The chapter begins with a description of the allele combinations of pairs of genes

in GPG, non-GPG, and commensal strains, followed by a description of its diversity.

For convenience, allele combinations of pairs of genes are referred to as genotypes of

the genes. The chapter continues with a description of the non-random association of

alleles from different genes as an indicator of any gene interconnectedness, followed by

the results of the calculation of the non-random association of alleles from different

genes. The chapter ends with a discussion of the biological implications of the gene

interconnectedness.

161
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6.1 Genotypes of Pairs of Genes

In this section, the genotypes of pairs of genes in strains of different groups are iden-

tified, and compared one with another. A comparison of the genotypes of pairs of

genes in GPG and non-GPG strains, two groups of strains with different genetic back-

grounds, might reveal either the genetic background or the selective pressure impact

the genotypes selected. A comparison of the genotypes of pairs of genes in commensal

and infection strains might reveal the influence of the immune status of the host to

the genotypes selected. The description of the genotypes can be considered as an

extended description of allele combinations for the YWP1, HWP1, and EAP1 genes

described previously from 1 gene to pairs of genes.

For this purpose, the distribution of the genotypes is described in a three dimen-

sional graph; two horizontal axes represent allele combinations of the two genes, and

the vertical axis represents the frequency of the strains with the particular genotypes.

6.1.1 YWP1 -HWP1 Genotypes

The YWP1 -HWP1 genotypes in each strain of GPG, non-GPG, and (GPG) commen-

sal strains were identified. The number of different YWP1 -HWP1 genotypes found in

GPG strains was ten, while in non-GPG strains 26. In total, there were 32 different

YWP1 -HWP1 genotypes found in infection strains. Figure 6.1 shows the distribution

of YWP1 -HWP1 genotypes for GPG strains, while Figure 6.2 shows the distribution

for non-GPG strains. Genotypes containing 5-5 repeat units of YWP1, and 4-5 repeat

units of HWP1 (5-5+4-5) predominated in GPG strains (the Chi-square goodness of

fit test, p < 0.001). These genotypes were overrepresented in GPG strains (42.8%),

compared to non-GPG strains (2.1%) (the Chi-square test for contingency tables,

p < 0.001). Genotypes containing 5-8 repeat units of YWP1, and 5-5 repeat units of

HWP1 (5-8+5-5) predominated in non-GPG strains (the Chi-square goodness of fit

test, p < 0.001). These genotypes were overrepresented in non-GPG strains (15.0%),

compared to GPG strains (0%) (the Chi-square test for contingency tables, p < 0.001).

The results show that there are specific YWP1 -HWP1 genotypes associated with each



CHAPTER 6. INTERCONNECTEDNESS BETWEEN ALLELES 163

group of infection strains.

The number of different YWP1 -HWP1 genotypes found in commensal strains

was seven, compared to ten in infection strains. Figure 6.3 shows the distribution

of YWP1 -HWP1 genotypes for commensal strains. Genotypes containing 5-5 repeat

units of YWP1 and 4-5 repeat units of HWP1 (5-5+4-5) predominated (the Chi-

square goodness of fit test, p < 0.001), i.e. similar to the results for infection strains.

The Chi-square test for contingency tables showed no significant difference in the

distribution of these genotypes between commensal and infection strains (p > 0.05);

commensal and infection strains have the same predominant YWP1 -HWP1 geno-

types. Although there is no significant difference in the distribution of genotypes

containing 5-5+4-5 between commensal and infection strains, there is a noticeable

change in the distribution of the genotypes when comparing the commensal and in-

fection strain’s graphs. The percentage of genotypes containing 5-5+4-5 of 63% in

commensal strains decreases to 43% in infection strains, which is compensated by a

change in the percentage of genotypes containing 5-5+5-5, from 8% in commensal

strains to 24% in infection strains. However, the results of the Chi-square test for

contingency tables showed that the distributions of these genotypes in the two groups

of strains are not significantly different (p > 0.05).

6.1.2 YWP1 -EAP1 Genotypes

The YWP1 -EAP1 genotypes in each strain of GPG, non-GPG, and (GPG) commen-

sal strains were identified. Since there are two repeat regions in EAP1, YWP1 -EAP1

genotypes for each repeat region of EAP1 are described separately as YWP1 -EAP1 (1)

and YWP1 -EAP1 (2) genotypes. Later, YWP1 -EAP1 genotypes which include both

repeat regions of EAP1 are described.

The number of different YWP1 -EAP1 (1) genotypes found in GPG strains was

12, while in non-GPG strains 36. In total, there were 45 different YWP1 -EAP1 (1)

genotypes found in infection strains. Figure 6.4 shows the distribution of YWP1 -

EAP1 (1) genotypes for GPG strains, while Figure 6.5 shows the distribution for

non-GPG strains. Genotypes containing 5-5 repeat units of YWP1 and 10-11 repeat
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Figure 6.1: Distribution of YWP1 -HWP1 genotypes for GPG strains. N represents
the number of strains characterized. There are ten different genotypes reflected by
the number of bars in the graph. Genotypes 5-5+4-5 predominated (the Chi-square
goodness of fit test, p < 0.001).
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units of EAP1 (1) (5-5+10-11) predominated in GPG strains (the Chi-square goodness

of fit test, p < 0.001). These genotypes were overrepresented in GPG strains (59.2%),

compared to non-GPG strains (2.2%) (the Chi-square test for contingency tables,

p < 0.001). There are no obvious predominant YWP1 -EAP1 (1) genotypes observed

in non-GPG strains. The results show that there is a predominant YWP1 -EAP1 (1)

genotype associated with the GPG group.

The number of different YWP1 -EAP1 (1) genotypes found in commensal strains

was ten, compared to 12 in infection strains. Figure 6.6 shows the distribution of

YWP1 -EAP1 (1) genotypes for commensal strains. Genotypes containing 5-5 repeat

units of YWP1 and 10-11 repeat units of EAP1 (1) (5-5+10-11) predominated (the

Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. The Chi-square test for contingency tables showed no significant difference

in the distribution of these genotypes between commensal and infection strains (p >

0.1); commensal and infection strains have the same predominant YWP1 -EAP1 (1)

genotypes.

The number of different YWP1 -EAP1 (2) genotypes found in GPG strains was

eight, while in non-GPG strains 33. In total, there were 38 different YWP1 -EAP1 (2)

genotypes found in infection strains. Figure 6.7 shows the distribution of YWP1 -

EAP1 (2) genotypes for GPG strains, while Figure 6.8 shows the distribution for

non-GPG strains. Genotypes containing 5-5 repeat units of YWP1 and 33-48 repeat

units of EAP1 (2) (5-5+33-48) predominated in GPG strains (the Chi-square goodness

of fit test, p < 0.001). These genotypes were overrepresented in GPG strains (70.8%),

compared to non-GPG strains (4.3%) (the Chi-square test for contingency tables,

p < 0.001). There are no obvious predominant YWP1 -EAP1 (2) genotypes observed

in non-GPG strains. The results show that there is a predominant YWP1 -EAP1 (2)

genotype associated with the GPG group strains.

The number of different YWP1 -EAP1 (2) genotypes found in commensal strains

was seven, compared to eight in infection strains. Figure 6.9 shows the distribution of

YWP1 -EAP1 (2) genotypes for commensal strains. Genotypes containing 5-5 repeat

units of YWP1 and 33-48 repeat units of EAP1 (2) (5-5+33-48) predominated (the
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Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. The Chi-square test for contingency tables showed no significant difference

in the distribution of these genotypes between commensal and infection strains (p >

0.1); commensal and infection strains have the same predominant YWP1 -EAP1 (2)

genotypes.

The number of different YWP1 -EAP1, which include both repeat regions of EAP1,

found in GPG strains was 13, while in non-GPG strains 46. In total, there were 56

different YWP1 -EAP1 genotypes found in infection strains. Figure 6.10.a shows

the distribution of YWP1 -EAP1 genotypes for GPG strains, while Figure 6.10.b

shows the distribution for non-GPG strains. Genotypes containing 5-5 repeat units

of YWP1, 10 and 11 repeat units of EAP1 (1), and 33-48 repeat units of EAP1 (2)

(5-5+10-11+33-48) predominated in GPG strains (the Chi-square goodness of fit test,

p < 0.001). These genotypes were overrepresented in GPG strains (60.4%), compared

to non-GPG strains (2.2%) (the Chi-square test for contingency tables, p < 0.001).

There are no obvious predominant YWP1 -EAP1 genotypes observed in non-GPG

strains. The results show that there is a predominant YWP1 -EAP1 genotype asso-

ciated with the GPG group. The figure also shows that most of the non-GPG strains

have distinct genotypes, i.e. only two strains have the same genotypes 5-8+3-13+102-

102, and other two strains have genotypes 5-8+3-13+158-158. In addition, most of

the genotypes in non-GPG strains are different from genotypes in GPG strains, i.e.

only 3 strains of non-GPG strains having the same genotypes as those in GPG strains

indicated by three arrows in the figure.

The number of different YWP1 -EAP1, which include both repeat regions of EAP1,

found in commensal strains was 11, compared to 13 in infection strains. Figure 6.10.c

shows the distribution of YWP1 -EAP1 genotypes for commensal strains. Genotypes

containing 5-5 repeat units of YWP1, 10 and 11 repeat units of EAP1 (1), and 33-48

repeat units of EAP1 (2) (5-5+10-11+33-48) predominated in commensal strains (the

Chi-square goodness of fit test, p < 0.001), i.e. similar to the results shown by in-

fection strains (Figure 6.10.a). The Chi-square test for contingency tables showed no
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significant difference in the distribution of these genotypes between commensal and in-

fection strains (p > 0.1); commensal and infection strains have the same predominant

YWP1 -EAP1 genotypes.

6.1.3 HWP1 -EAP1 Genotypes

The HWP1 -EAP1 genotypes in each strain of GPG, non-GPG, and (GPG) commen-

sal strains were identified. Since there are two repeat regions in EAP1, HWP1 -EAP1

genotypes for each repeat region of EAP1 are described separately as HWP1 -EAP1 (1)

and HWP1 -EAP1 (2) genotypes. Later, HWP1 -EAP1 genotypes which include both

repeat regions of EAP1 are described.

The number of different HWP1 -EAP1 (1) genotypes found in GPG strains was

21, while in non-GPG strains 40. In total, there were 58 different HWP1 -EAP1 (1)

genotypes found in infection strains. Figure 6.11 shows the distribution of HWP1 -

EAP1 (1) genotypes for GPG strains, while Figure 6.12 shows the distribution for

non-GPG strains. Genotypes containing 4-5 repeat units of HWP1 and 10-11 repeat

units of EAP1 (1) (4-5+10-11) predominated in GPG strains (the Chi-square goodness

of fit test, p < 0.001). These genotypes were overrepresented in GPG strains (33.3%),

compared to non-GPG strains (2.1%), i.e. the Chi-square test for contingency tables

showed a significant difference in the distribution of these genotypes between GPG and

non-GPG strains (p < 0.001). There are no obvious predominant HWP1 -EAP1 (1)

genotypes observed in non-GPG strains. The results show that there is a predominant

HWP1 -EAP1 (1) genotype associated with the GPG group.

The number of different HWP1 -EAP1 (1) genotypes found in commensal strains

was 17, compared to 21 in infection strains. Figure 6.13 shows the distribution of

HWP1 -EAP1 (1) genotypes for commensal strains. Genotypes containing 4-5 repeat

units of HWP1 and 10-11 repeat units of EAP1 (1) (4-5+10-11) predominated (the

Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. The Chi-square test for contingency tables showed no significant difference

in the distribution of these genotypes between commensal and infection strains (p >

0.1); commensal and infection strains have the same predominant HWP1 -EAP1 (1)
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Figure 6.10: Distribution of YWP1 -EAP1 genotypes for GPG, non-GPG, and com-
mensal strains. In this analysis, both repeat regions of EAP1 are included. N rep-
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48 predominated in GPG strains (the Chi-square goodness of fit test, p < 0.001).
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Figure 6.12: Distribution of HWP1 -EAP1 (1) genotypes for non-GPG strains. N
represents the number of strains characterized. There are 40 different genotypes
reflected by the number of bars in the graph.
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Figure 6.13: Distribution of HWP1 -EAP1 (1) genotypes for commensal strains. N
represents the number of strains characterized. There are 17 different genotypes
reflected by the number of bars in the graph. Genotypes 4-5+10-11 predominated
(the Chi-square goodness of fit test, p < 0.001)

genotypes.

The number of different HWP1 -EAP1 (2) genotypes found in GPG strains was

17, while in non-GPG strains 32. In total, there were 47 different HWP1 -EAP1 (2)

genotypes found in infection strains. Figure 6.14 shows the distribution of HWP1 -

EAP1 (2) genotypes for GPG strains, while Figure 6.15 shows the distribution for

non-GPG strains. Genotypes containing 4-5 repeat units of HWP1 and 33-48 repeat

units of EAP1 (2) (4-5+33-48) predominated in GPG strains (the Chi-square goodness

of fit test, p < 0.001). These genotypes were overrepresented in GPG strains (41.7%),



CHAPTER 6. INTERCONNECTEDNESS BETWEEN ALLELES 180

compared to non-GPG strains (4.3%), i.e. the Chi-square test for contingency tables

showed a significant difference in the distribution of these genotypes between GPG

and non-GPG strains (p < 0.001). Likewise, genotypes containing 4-4+102-102 and

5-5+83-83 predominated in non-GPG strains (the Chi-square goodness of fit test,

p < 0.001). These genotypes were overrepresented in non-GPG strains (26.1%),

compared to GPG strains (0%), i.e. the Chi-square test for contingency tables showed

a significant difference in the distribution of these genotypes between GPG and non-

GPG strains (p < 0.001). The results show that there are predominant HWP1 -

EAP1 (2) genotypes associated with each group of infection strains.

The number of different HWP1 -EAP1 (2) genotypes found in commensal strains

was 10, compared to 17 in infection strains. Figure 6.16 shows the distribution

of HWP1 -EAP1 (2) genotypes commensal strains. Genotypes containing 4-5 repeat

units of HWP1 and 33-48 repeat units of EAP1 (2) (4-5+33-48) predominated (the

Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. The Chi-square test for contingency tables showed no significant difference

in the distribution of these genotypes between commensal and infection strains (p >

0.1); commensal and infection strains have the same predominant HWP1 -EAP1 (2)

genotypes.

The number of different HWP1 -EAP1, which include both repeat regions of EAP1,

found in GPG strains was 21, while in non-GPG strains 45. In total, there were 63 dif-

ferent HWP1 -EAP1 genotypes found in infection strains. Figure 6.17.a shows the dis-

tribution of HWP1 -EAP1 genotypes for GPG strains, while Figure 6.17.b shows the

distribution for non-GPG strains. Genotypes containing 5-6 repeat units of HWP1,

10-11 repeat units of EAP1 (1), and 33-48 repeat units of EAP1 (2) (5-6+10-11+33-

48) predominated in GPG strains (the Chi-square goodness of fit test, p < 0.001).

These genotypes were overrepresented in GPG strains (33.3%), compared to non-

GPG strains (2.2%) (the Chi-square test for contingency tables, p < 0.001). There

are no obvious predominant HWP1 -EAP1 genotypes observed in non-GPG strains.

The results show that there is a predominant HWP1 -EAP1 genotype associated with
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Figure 6.17: Distribution of HWP1 -EAP1 genotypes for GPG, non-GPG, and com-
mensal strains. N represents the number of strains characterized. Genotypes con-
taining 5-5+10-11+33-48 predominated in GPG strains (the Chi-square goodness of
fit test, p < 0.001). These genotypes were overrepresented in GPG strains (33.3%),
compared to non-GPG strains (2.2%) (the Chi-square test for contingency tables,
p < 0.001). There are no obvious predominant HWP1 -EAP1 genotypes observed in
non-GPG strains. Genotypes containing 5-6+10-11+33-48 predominated in commen-
sal strains (the Chi-square goodness of fit test, p < 0.001), i.e. similar to the results
for infection strains (Figure.a). The Chi-square test for contingency tables showed no
significant difference in the distribution of these genotypes between commensal and in-
fection strains (p > 0.1). The three arrows indicate the genotypes in non-GPG strains
which match the genotypes in GPG strains; other genotypes in non-GPG strains are
different from genotypes in GPG strains.
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the GPG group. The figure also shows that most of the non-GPG strains have dis-

tinct genotypes, i.e. only two strains have the same genotypes 5-5+3-13+102-102. In

addition, most of the genotypes in non-GPG strains are different from genotypes in

GPG strains, i.e. only three strains of non-GPG strains having the same genotypes

as those of GPG strains indicated by three arrows in the figure.

The number of different HWP1 -EAP1, which include both repeat regions of EAP1,

found in commensal strains was 14, compared to 21 in infection strains. Figure 6.17.c

shows the distribution of HWP1 -EAP1 genotypes for commensal strains. Genotypes

containing 5-6 repeat units of YWP1, 10-11 repeat units of EAP1 (1), and 33-48 repeat

units of EAP1 (2) (5-6+10-11+33-48) predominated in commensal strains (the Chi-

square goodness of fit test, p < 0.001), i.e. similar to the results for infection strains

(Figure 6.17.a). The Chi-square test for contingency tables showed no significant

difference in the distribution of these genotypes between commensal and infection

strains (p > 0.1); commensal and infection strains have the same predominant HWP1 -

EAP1 genotypes.

6.2 YWP1 -HWP1 -EAP1 Genotypes

In this section, the description of genotypes of two genes in the previous section is

extended to description of the genotypes of three genes, i.e. YWP1 -HWP1 -EAP1

genotypes.

The YWP1 -HWP1 -EAP1 genotypes in each strain of GPG, non-GPG, and com-

mensal strains were identified. Since there are two repeat regions in EAP1, YWP1 -

HWP1 -EAP1 genotypes for each repeat region of EAP1 are described separately as

YWP1 -HWP1 -EAP1 (1) and YWP1 -HWP1 -EAP1 (2) genotypes.

The number of different YWP1 -HWP1 -EAP1 (1) genotypes found in GPG strains

was 21, while in non-GPG strains 44. In total, there were 62 different YWP1 -HWP1 -

EAP1 (1) genotypes found in infection strains. In addition, there were 17 different

YWP1 -HWP1 -EAP1 (1) genotypes found in (GPG) commensal strains. Figure 6.18

shows the distribution of YWP1 -HWP1 -EAP1 (1) genotypes for GPG and non-GPG
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strains, while Figure 6.19 shows the distribution for (GPG) commensal strains, where

the results of (GPG) infection strains were added for comparison.

Genotypes containing 5-5 repeat units of YWP1, 4-5 repeat units of HWP1, and

10-11 repeat units of EAP1 (1) (5-5+4-5+10-11) predominated in GPG strains (the

Chi-square goodness of fit test, p < 0.001), and overrepresented in GPG strains,

compared to non-GPG strains (the Chi-square test for contingency tables, p < 0.001).

There are no obvious predominant YWP1 -HWP1 -EAP1 (1) genotypes observed in

non-GPG strains. The figure also shows that most of the non-GPG strains have

distinct genotypes, i.e. only six strains have the same genotypes. In addition, most

of the genotypes in non-GPG strains are different from genotypes in GPG strains, i.e.

only three strains of non-GPG strains having the same genotypes as those of GPG

strains indicated by three arrows in the figure.

Genotypes containing 5-5+4-5+10-11 predominated in commensal strains (the

Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. There is no significant difference in the distribution of these genotypes be-

tween commensal and infection strains (the Chi-square test for contingency tables,

p < 0.001).

The number of different YWP1 -HWP1 -EAP1 (2) genotypes found in GPG strains

was 17, while in non-GPG strains 35. In total, there were 49 different YWP1 -HWP1 -

EAP1 (2) genotypes fund in infection strains. In addition, there were 11 different

YWP1 -HWP1 -EAP1 (2) genotypes found in (GPG) commensal strains. Figure 6.20

shows the distribution of YWP1 -HWP1 -EAP1 (2) genotypes for GPG and non-GPG

strains, while Figure 6.21 shows the distribution for commensal strains, where the

results of (GPG) infection strains were added for comparison.

Genotypes containing 5-5 repeat units of YWP1, 4-5 repeat units of HWP1, and

33-48 repeat units of EAP1 (2) (5-5+4-5+33-48) predominated in GPG strains (the

Chi-square goodness of fit test, p < 0.001). These genotypes were overrepresented

in GPG strains, compared to non-GPG strains (the Chi-square test for contingency

tables, p < 0.001). There are no obvious predominant YWP1 -HWP1 -EAP1 (2) geno-

types observed in non-GPG strains. The figure also shows only two different genotypes
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Figure 6.18: Distribution of YWP1 -HWP1 -EAP1 (1) genotypes for: a. GPG strains,
and b. non-GPG strains. There are 21 and 44 different genotypes in GPG and non-
GPG strains, respectively. In total, there are 62 different genotypes for infection
strains. N represents the number of strains characterized. Genotypes containing
5-5+4-5+10-11 predominated in GPG strains (the Chi-square goodness of fit test,
p < 0.001). There are no obvious predominant YWP1 -HWP1 -EAP1 (1) genotypes
observed in non-GPG strains.
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Figure 6.19: Distribution of YWP1 -HWP1 -EAP1 (1) genotypes for: a. commensal
strains, and b. infection strains. There are 17 different genotypes in commensal
strains, compared to 21 in infection strains. Genotypes containing 5-5+4-5+10-11
predominated in commensal strains (the Chi-square goodness of fit test, p < 0.001),
i.e. similar to the results for infection strains. There is no significant difference in
the distribution of these genotypes between commensal and infection strains (the
Chi-square test for contingency tables, p < 0.001).
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in non-GPG strains match the genotypes in GPG strains indicated by two arrows in

the figure.

Genotypes containing 5-5 repeat units of YWP1, 4-5 repeat units of HWP1, and

33-48 repeat units of EAP1 (2) (5-5+4-5+33-48) predominated in commensal strains

(the Chi-square goodness of fit test, p < 0.001), i.e. similar to the results for infection

strains. There is no significant difference in distribution of these genotypes between

commensal and infection strains (the Chi-square test for contingency tables, p <

0.001).
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Figure 6.20: Distribution of YWP1 -HWP1 -EAP1 (2) genotypes for: a. GPG strains,
and b. non-GPG strains. There are 17 and 35 different genotypes found in GPG and
non-GPG strains, respectively. In total, there are 49 different genotypes for infection
strains. N represents the number of strains characterized. Genotypes containing
5-5+4-5+10-11 predominated in GPG strains (the Chi-square goodness of fit test,
p < 0.001). There are no obvious predominant YWP1 -HWP1 -EAP1 (2) genotypes
observed in non-GPG strains.
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Figure 6.21: Distribution of YWP1 -HWP1 -EAP1 (2) genotypes for: a. commensal
strains, and b. infection strains. There are 11 different genotypes found in commensal
strains, compared to 17 in infection strains. Genotypes containing 5-5+4-5+33-48
predominated in both commensal and infection strains. (the Chi-square goodness of
fit test, p < 0.001). There is no significant difference in the distribution of these geno-
types between commensal and infection strains (the Chi-square test for contingency
tables, p < 0.001).
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6.3 Diversity of Genotypes of Pairs of Genes

The diversity of the genotypes of pairs of genes is quantified by the index of diversity

�G which is defined as,

�G =
m
∑

j=1

(

1−
1

N(N − 1)

k
∑

i=1

ni(ni − 1)

)

, (6.1)

where m is the number of genes, k is the number of different genotypes, N is the

number of strains, and ni is the number of strains having ith genotype of jth gene.

Notice that Equation 6.1 is generalized form of the index of diversity Equation 3.1

(see page 48) from one gene to m genes.

The index of diversity �G of the genotypes of YWP1 -HWP1, YWP1 -EAP1, and

HWP1 -EAP1, was calculated for GPG, non-GPG, and commensal strains. The re-

sults of the calculation are summarized in Table 6.1, and presented graphically in

Figure 6.22.

Figure 6.22.a shows that the values of the index of diversity of genotypes of all

pairs of genes for non-GPG strains are systematically higher than those for GPG

strains. In addition, the values of the index of the diversity of genotypes for GPG

strains are dependent on the pair of genes; pairs that include HWP1 have higher

index of diversity values than other pairs. Figure 6.22.b shows that the variation of

the index of diversity, in respect to the pairs of genes, is similar in both commensal

and infection strains, with an exception of the YWP1 -HWP1 pair.

6.4 Non-Random Association Between Alleles of

Different Genes

In this section, the non-random association between alleles of different genes is anal-

ysed. Any association can be quantified by a linkage disequilibrium analysis. This

section begins with a description of linkage disequilibrium, followed by the determi-

nation of the non-random association between alleles of different genes.
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Table 6.1: The index of diversity �G of genotypes of pairs of genes in GPG, non-GPG,
and (GPG) commensal strains.

Index of Diversity
Pair of genes GPG strains Non-GPG strains Commensal strains

YWP1 -HWP1 0.75 0.95 0.56
YWP1 -EAP1 (1) 0.64 0.98 0.72
YWP1 -EAP1 (2) 0.49 0.98 0.52
HWP1 -EAP1 (1) 0.88 0.99 0.82
HWP1 -EAP1 (2) 0.81 0.97 0.70

YWP1 -HWP1 -EAP1 (1) 0.88 0.99 0.82
YWP1 -HWP1 -EAP1 (2) 0.81 0.98 0.70

6.4.1 Linkage Disequilibrium : A Measure of Non-Random

Association Between Alleles of Different Genes

Linkage disequilibrium analysis gives a measure of any non-random association be-

tween alleles of different genes. Determination of the linkage disequilibrium between

alleles of different genes in these studies followed a similar procedure used to deter-

mine the linkage disequilibrium of multilocus alleles, where an index of association

(IA) is used as a measure of the linkage [97, 98, 99]. Determination of IA is based

on the evaluation of a pairwise distance defined as the number of loci at which two

individual strains differ one from another. For a single locus j analyzed in n haploid

strains, the probability that two strains selected at random have different alleles at

that locus can be written as,

ℎj = 1−
1

N(N − 1)

k
∑

i=1

ni(ni − 1), (6.2)

where ni is the number of strains which have itℎ allele, k is the number of different

alleles, and N is number of strains. Notice that Equation 6.2 is identical to the

Simpson index of diversity Equation 3.1 (see page 48). For N haploid strains, there

are N(N−1)/2 possible pairs of alleles, and each pair can have a distance of 0 (for the

same allele) or 1 (for different alleles). For diploid strains such as C. albicans, each

pair can have a distance of 0, 1 or 2. Equation 6.2 can also be used to calculate the

mean distance d between all N(N − 1)/2 possible pairs of strains, and the variance
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of the distances can be written as

varj = ℎj(1− ℎj). (6.3)

Similarly, generalizing for m loci, if D is defined as the distance between two strains

over all loci, then the mean distance between two strains over all loci can be written

as

D̄ =
∑

j

ℎj, (6.4)

and the variance of the distances is

VD =
∑

j

varj + 2
∑

j

∑

k

covj,k, (6.5)

where covj,k is the covariance between the distance at locus j and the distance at locus

k. All these covariances are expected to be zero if there is no association between

loci. Therefore IA is defined as

IA =
VD

∑

varj
− 1, (6.6)

which is zero if there is no association between loci.

The IA between alleles of YWP1, HWP1 and EAP1 was determined using multi-

locus software designed by Agapow and Burt [100]. The software calculates IA using

Equation 6.6, where,

VD =

∑

D2
−

(
∑

D)2

np

np

, (6.7)

and,

varj =

∑

d2 − (
∑

d)2

np

np

. (6.8)

In Equations 6.7 and 6.8, np = N(N − 1)/2 is the number of possible pairs between

N strains, D is the total distance between strains over all loci, and d is the distance

at locus j.

The IA measures to what extent individual strains which are the same at one

locus are more likely than random to be the same at other loci. The significance of

the IA can be analysed by comparing the observed value to one expected by chance
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(random data) [101]. In the calculation of IA between alleles from YWP1, HWP1 and

EAP1, a random data set of 1000 replicates was used to test the significance. The

significance of the IA shown by value of p < 0.05 indicates that there is a non-random

association between alleles from different genes. The non-significant value of p > 0.05

indicates that there may be an association between the alleles, but it could be due to

a random process (random association), and for convenience, this is referred to as no

(significant) association between the alleles.

The software also determine the value of r, as an alternative to IA, which is

dependent on the number of loci in the analysis [100]. However, since these studies

mostly focus on the association between two genes, only IA is calculated, i.e. for two

genes, the values of IA and r are similar. Later in this chapter, the value of r is shown

together with IA when analysing the association among three genes. With this, when

comparing the association of three genes to the association of two gene, the value of r

for three genes should be comparable to the value of IA for two genes. The significance

of the value of IA and r is identical.

6.4.2 Linkage Disequilibrium Between Alleles of Different Genes

In this section, the quantification of the linkage disequilibrium between alleles of

different genes is described. This includes the linkage disequilibrium between alleles

of YWP1 -HWP1, YWP1 -EAP1, and HWP1 -EAP1, and the linkage disequilibrium

between alleles of YWP1 -HWP1 -EAP1. The linkage disequilibrium is quantified by

the index of association IA defined by Equation 6.6 (see page 195).

Index of Association of Alleles of YWP1 -HWP1

The values of index of association IA of alleles of YWP1 -HWP1 were determined

to be 0.1 (p = 0.13) for GPG strains, 0.002 (p = 0.49) for non-GPG strains, and

0.41 (p=0.008) for (GPG) commensal strains. These results showed that there is no

association between alleles of YWP1 -HWP1 for GPG and non-GPG strains. However,

there is a non-random association between the alleles for (GPG) commensal strains.
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Index of Association of Alleles of YWP1 -EAP1

Since there are two repeat regions in EAP1, IA between alleles from YWP1 -EAP1

of each repeat region was calculated separately as YWP1 -EAP1 (1) and YWP1 -

EAP1 (2), for repeat regions 1 and 2 of EAP1, respectively.

The values of IA of alleles of YWP1 -EAP1 (1) were determined to be 0.44 (p

< 0.001) for GPG strains, 0.17 (p < 0.001) for non-GPG strains, and 0.55 (p =

0.004) for (GPG) commensal strains. The results showed that there is a non-random

association between alleles of YWP1 -EAP1 (1) of all groups of strains, where the

association in GPG strains is stronger than non-GPG strains, and the association in

(GPG) commensal strains is stronger than (GPG) infection strains.

The values of IA of alleles of YWP1 -EAP1 (2) were determined to be 0.42 (p <

0.001) for GPG strains, 0.11 (p = 0.04) for non-GPG strains, and 0.39 (p = 0.01)

for commensal strains. The results showed that there is a non-random association

between alleles of YWP1 -EAP1 (2) of all groups of strains, where the association in

GPG strains is stronger than non-GPG strains, and the association in (GPG) infection

strains is similar to (GPG) commensal strains.

Index of Association of Alleles of HWP1 -EAP1

Since there are two repeat regions in EAP1, IA between alleles of HWP1 -EAP1 of

each repeat region was calculated separately as HWP1 -EAP1 (1) and HWP1 and

EAP1 (2), for repeat regions 1 and 2 of EAP1, respectively.

The values of IA of alleles of HWP1 -EAP1 (1) were determined to be 0.12 (p =

0.10) for GPG strains, 0.05 (p = 0.08) for non-GPG strains, and 0.31 (p = 0.01) for

(GPG) commensal strains. The results indicate that there is no association between

alleles of HWP1 -EAP1 (1) for GPG and non-GPG of infection strains. However, there

is a non-random association between the alleles for (GPG) commensal strains.

The values of IA of alleles of HWP1 -EAP1 (2) were determined to be 0.22 (p =

0.01) for GPG strains, 0.06 (p = 0.10) for non-GPG strains, and 0.34 (p=0.02) for

(GPG) commensal strains. The results showed that there is a non-random association

between alleles of HWP1 -EAP1 (2) of (GPG) infection and (GPG) commensal strains,
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where the association in commensal strains is stronger than infection strains. There

is no association between the alleles observed in non-GPG strains.

Index of Association of Alleles of Repeat Regions 1 and 2 of EAP1

Since there are two repeat regions in EAP1, IA of EAP1 alleles for these two repeat

regions was determined to observe how these the alleles associate with each other.

The values of IA for repeat regions 1 and 2 of EAP1 were determined to be 0.85

(p < 0.001) for GPG strains, 0.05 (p = 0.10) for non-GPG strains, and 0.61 (p <

0.001) for (GPG) commensal strains. The results showed that there is a non-random

association between EAP1 alleles for repeat regions 1 and 2 for (GPG) infection and

(GPG) commensal strains, where the association in infection strains is stronger than

commensal strains. There is no association between the alleles observed in non-GPG

strains.

Index of Association of Alleles of YWP1 -HWP1 -EAP1

For the linkage disequilibrium of alleles of YWP1 -HWP1 -EAP1, beside IA, r is also

determined. It has been shown previously that the value of IA is influenced by the

number of loci involved in the calculation. Therefore, the IA of three genes cannot be

compared to that of two genes. However the value of r is independent of number of

genes, and for 2 genes, the value of r and IA is similar. The value of p for both r and

IA is the same.

Since there are two repeat regions in EAP1, IA of alleles of YWP1 -HWP1 -EAP1

of each repeat region is described separately as YWP1 -HWP1 -EAP1 (1) and YWP1 -

HWP1 -EAP1 (2), for repeat regions 1 and 2 of EAP1, respectively.

The IA values of alleles of YWP1 -HWP1 -EAP1 (1) were determined to be 0.44

(r=0.22) (p < 0.001) for GPG strains, 0.11 (r=0.06) (p = 0.04) for non-GPG strains,

and 0.86 (r = 0.43) (p < 0.001) for (GPG) commensal strains. The results showed that

there is a non-random association between alleles of YWP1 -HWP1 -EAP1 (1), where

the association in GPG strains is stronger than non-GPG strains, and the association

in (GPG) commensal strains is stronger than (GPG) infection strains.
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The IA values of alleles of YWP1 -HWP1 -EAP1 (2) were determined to be 0.52

(r=0.27) (p < 0.001) for GPG strains, 0.05 (r=0.03) (p = 0.01) for non-GPG strains,

and 0.63 (r=0.33) (p = 0.002) for (GPG) commensal strains. The results showed that

there is a non-random association between alleles of YWP1 -HWP1 -EAP1 (1), where

the association in GPG strains is stronger than non-GPG strains, and the association

in (GPG) commensal strains is stronger than (GPG) infection strains.

6.4.3 Summary of Linkage Disequilibrium Between Alleles of

Different of Genes

The results of calculation of IA and its significance for all pairs of genes and all groups

of strains are summarized in Table 6.2, and presented graphically in Figure 6.23. The

results for the three genes are summarized in Table 6.3.

Table 6.2: The index of association between alleles of different genes for GPG, non-
GPG, and commensal strains. The significance value p is shown in parenthesis next
to IA.

Index of Association IA (p value)
Pair of genes GPG strains Non-GPG strains Commensal strains

YWP1 -HWP1 0.1 (0.13) 0.002 (0.49) 0.41 (0.008)
YWP1 -EAP1 (1) 0.44 (<0.001) 0.17 (<0.001) 0.55 (0.004)
YWP1 -EAP1 (2) 0.42 (<0.001) 0.11 (0.04) 0.39 (0.01)
HWP1 -EAP1 (1) 0.12 (0.1) 0.05 (0.08) 0.31 (0.01)
HWP1 -EAP1 (2) 0.22 (0.01) 0.06 (0.12) 0.34 (0.02)
EAP1 (1)-EAP1 (2) 0.85 (<0.001) 0.05 (0.08) 0.61(<0.001)

Table 6.3: The index of association between alleles of different genes for GPG, non-
GPG, and commensal strains. The significance value p is shown in parenthesis next
to IA.

IA, r (p value)
Pair of genes GPG strains Non-GPG strains Commensal strains

YWP1 -HWP1 -EAP1 (1) 0.44, 0.23 (<0.001) 0.11, 0.06 (0.04) 0.86, 0.43 (<0.001)
YWP1 -HWP1 -EAP1 (2) 0.52, 0.27 (<0.001) 0.06, 0.03 (0.20) 0.63, 0.33 (=0.002)
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6.5 Discussion

The aim of this chapter is to describe the gene interconnectedness between alleles of

YWP1, HWP1, and EAP1 for GPG, non-GPG, and commensal strains.

6.5.1 Distribution of genotypes of the pairs of genes

The distributions of genotypes of pairs of genes indicate that there were predominant

genotypes observed in GPG strains for all pairs of genes (see Figures 6.1, 6.4, 6.7, 6.11,

and 6.14, on pages 164, 168, 173, 177, and 181). However, the predominant genotypes

in non-GPG strains were only observed for YWP1 -HWP1 and HWP1 -EAP1 (2) pairs

(see Figures 6.2 and 6.15 on pages 165 and 182). Similarly, the distributions of geno-

types of three genes, i.e. YWP1-HWP1-EAP1 genotypes, also indicate that there

were predominant genotypes observed in GPG strains, but no obvious predominant

genotypes were observed in non-GPG strains (see Figures 6.18 and 6.20 on pages 187

and 190). The distributions of YWP1-HWP1-EAP1 genotypes may be used to distin-

guish GPG strains from non-GPG strains, since most genotypes in non-GPG strains

are different from genotypes in GPG strains. For example, only three YWP1-HWP1-

EAP1 (1) genotypes in non-GPG strains (indicated by three arrows in Figure 6.18 on

page 187) match YWP1-HWP1-EAP1 (1) genotypes in GPG strains, and only two

YWP1-HWP1-EAP1 (2) genotypes in non-GPG strains (indicated by two arrows in

Figure 6.20 on page 190) match YWP1-HWP1-EAP1 (2) genotypes in GPG strains.

This is also case for the distribution of YWP1-EAP1 and HWP1-EAP1 genotypes,

where both repeat regions in EAP1 are included in the analysis (see Figures 6.10

on page 176 and 6.17 on page 184 for YWP1-EAP1 and HWP1-EAP1 genotypes,

respectively).

The predominant genotypes of pairs of genes were formed by the predominant allele

combinations of individual genes, and the percentage of the predominant genotypes

is less than or equal to the percentage of the predominant allele combinations of indi-

vidual genes. For example, YWP1-EAP1 (1) genotypes containing 5-5+10-11 which

predominated in GPG strains (59.2%) were formed by YWP1 allele combinations
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containing 5-5 and EAP1 (1) allele combinations containing 10-11, where both allele

combinations predominated in GPG strains (94% and 59.2% for YWP1 and EAP1 (1),

respectively), i.e. the percentage of the predominant YWP1-EAP1 (1) genotypes is

equal to the percentage of the predominant EAP1 (1) allele combinations. This im-

plies that all GPG strains, which have predominant EAP1 (1) allele combinations also

have predominant YWP1 allele combinations. Similar results were also observed for

YWP1-EAP1 (2) genotypes. The percentages of the predominant genotypes of pair of

genes and the predominant allele combinations of individual genes for GPG strains are

summarized in Figure 6.25.a. The figure also shows the cases, where the percentage of

the predominant genotypes of pairs of genes is less than the percentage of individual

genes.

Similar to the results for GPG strains, Figure 6.25.b shows the percentage of the

predominant genotypes of pairs of genes and the predominant allele combinations

of individual genes for commensal strains. The figure shows that the percentage of

the predominant YWP1-HWP1 genotypes is equal to the percentage of the predom-

inant HWP1 allele combinations, which implies that all commensal strains, which

have predominant HWP1 allele combinations, also have predominant YWP1 allele

combinations. The percentage of genotypes of other pairs of genes is less than the

percentage of allele combinations of individual genes. Figure 6.25.c shows the per-

centage of the predominant genotypes of pairs of genes in infection and commensal

strains. The figure shows that the percentage of the predominant YWP1-HWP1 and

HWP1-EAP1 genotypes in commensal strains is larger than that in infection strains,

while the percentage of YWP1-EAP1 genotypes in commensal strains is smaller than

that in infection strains. Figures 6.26.a and b show the the percentages of the pre-

dominant YWP1-HWP1-EAP1 genotypes and the predominant allele combinations

of individual genes for infection and commensal strains, while Figure 6.26.c shows a

comparison of the percentages of the predominant genotypes between commensal and

infection strains. The later figure shows that the percentage for commensal strains is

larger than that for infection strains. This may indicate that the interaction between

these three genes may be more important when C albicans is in a commensal state
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infection and commensal strains.

compared to when it is in a pathogenic state.

6.5.2 Genetic background influences the gene

interconnectedness

The results of the IA calculation for alleles of two from the three genes in GPG and

non-GPG strains (see Figure 6.23 on page 200) showed that the interconnectedness

between alleles of YWP1 -EAP1 is stronger than other pairs of genes. Considering

both GPG and non-GPG strains, the non-random association exists only between

alleles of YWP1 -EAP1. For GPG strains, there is also a non-random association
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between alleles of HWP1 -EAP1 (2), but the value of IA is lower than that of YWP1 -

EAP1. A similar pattern was observed for commensal strains, with an exception for

YWP1 -EAP1 (2), where the IA value is comparable to the value of the other pairs

of genes (see Figure 6.24 on page 201); this exception will be discussed in the next

section (6.5.3).

If C. albicans reproduces sexually, a strong interconnectedness between alleles of

YWP1 -EAP1 may be related to the fact that these two genes are located on the same

chromosome (chromosome 2); they are in a physical link one to another. Since the

two genes are located on the same chromosome, the interconnectedness between the

two genes may be caused only by their physical link not by selection. Non-random

association of alleles from unlinked loci on organism that reproduces sexually has often

been interpreted as evidence for selection [102]. However, it has been suggested that

C. albicans reproduces clonally rather than sexually [103, 104, 105, 106]. Therefore

there should be no effect on whether the genes are located on the same or different

chromosomes.

The results presented in chapters 3 and 5 suggest that particular genetic back-

grounds may have an impact on the selection of predominant allele combinations of

YWP1 and EAP1. For example, the results of the YWP1 gene showed that GPG

strains (branch A) have 5-5 as a predominant allele combination (see Figure 3.7 on

page 41), while branch B non-GPG strains have 8-8 and branch C non-GPG strains

have 5-8 as the predominant allele combinations (see Figure 3.18 on page 64). The

results of this chapter show that the interconnectedness between alleles of these two

genes is the strongest compared to other pairs of genes in GPG and non-GPG strains

(see Figure 6.24 on page 201). This may indicate that the impact of the genetic back-

ground on the selection of the predominant allele combinations of the YWP1 and

EAP1 genes may contribute to the strong interaction between these two genes. A

genetic background has been suggested to have an impact on the selection of alleles,

if fitness is influenced strongly by gene interaction, i.e. fitness of an allele at one

gene is related to the interaction of this allele with alleles of other genes [107]. The

predominant allele combination observed in non-GPG strains for YWP1 and EAP1,
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which is due to the influence of the genetic background, may indicate a possible in-

terconnectedness between this gene and other genes.

Although the predominant allele combinations of HWP1 were due to selection

(chapter 4), while predominant allele combinations of EAP1 (chapter 5) were influ-

enced by a genetic background, the results of this chapter show that there was a

non-random association of alleles of HWP1 -EAP1 (2) for GPG strains, and HWP1 -

EAP1 for (GPG) commensal strains. This indicates that the genetic background

does influence gene interconnectedness, although one of the linked genes is due to

selection. However, the interconnectedness is not as strong as it would be if the two

linked genes were influenced by the genetic background. It has been shown that for

an asexual population, if there is a selective pressure on genes, the influence of the

genetic background is diminished, and this weakens the gene interconnectedness [57].

A comparison of IA values calculated for alleles of different genes in GPG and

non-GPG strains also showed that the gene interconnectedness in GPG strains is sys-

tematically stronger than the gene interconnectedness in non-GPG strains. This result

is expected, since the non-random association between genes measures a ’distance’ de-

fined as the number of loci at which two individual strains differ, similar to what the

classification of GPG and non-GPG is based on, i.e. a genetic distance. Therefore, a

similar genetic background relates to a strong gene interconnectedness, while a diverse

genetic background will favor a weak interconnectedness between genes; GPG strains

with a mean genetic distance between any two isolates of 0.19, showed stronger gene

interconnectedness than non-GPG strains with a mean genetic distance between any

two isolates of 0.37.

6.5.3 The gene interconnectedness distinguishes

commensal strains from infection Strains

The IA values calculated for alleles of two from the three genes in commensal and

infection strains (see Figure 6.24 on page 201) show that the association in commensal

strains is systematically stronger than the association in infection strains, except for
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the association between alleles of YWP1 -EAP1 (2), where the IA value is similar in

commensal and infection strains. A similar result was also found for alleles of the three

genes; the association between alleles of YWP1 -HWP1 -EAP1 in commensal strains

is stronger than the association in infection strains (see Table 6.3 on page 199).

The clear result that the non-random association between alleles of different genes

is systematically stronger in commensal strains than in infection strains suggests

that the interconnectedness between alleles of different genes distinguishes commen-

sal strains from infection strains. From the results of the allele characterization of

the YWP1, HWP1, and EAP1 genes described in chapters 3 to 5, commensal and

infection strains were found to have the same predominant allele combinations. A

search to find distinct predominant allele combinations in commensal and infection

strains, which would be expected if the gene repeat variability was used for adaptation

purposes, failed. This leads to the conclusion that a change of the repeats of YWP1,

HWP1, and EAP1 is not required when C. albicans state changes from commensal

to pathogenic. Similar results were found in the genotypes distributions of commen-

sal and infection strains for pairs of genes and for the three genes described in this

chapter, i.e. there was no significant difference in the distribution of the predominant

genotypes in commensal and infection strains. Although the results from previous

chapters for the allele combination of a single gene, and this chapter for genotypes of

pairs of genes showed that there is no change in the number of repeats required when

C. albicans state changes from commensal to pathogenic, one of the key findings in

this chapter showed that there is a change in the degree of the interconnectedness

between alleles of different genes.

The facts that the gene interconnectedness in commensal strains is systematically

stronger than the gene interconnectedness in infection strains for any pair of genes

(and among the three genes), except YWP1 and EAP1 (2), suggest that the inter-

connectedness between YWP1, HWP1, and EAP1 is more important in a commensal

state than it is in a pathogenic state. For example, when C. albicans changes from a

commensal to a pathogenic state, the strong non-random association between YWP1

and HWP1 becomes insignificant. This implies that the interconnectedness between
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YWP1 and HWP1 is not important in pathogenicity of C. albicans. This may be

explained by the known functions of the encoded protein. It has been found that

HWP1p is involved in hyphal adhesion only on host epithelial cells, not on host en-

dothelial cells [62, 108, 109], and YWP1p is involved in yeast dispersal in the host

[60]. Since in a commensal state the C. albicans only interacts with host epithelial

cells, the interconnectedness between these two genes may be important resulting in

a significant association. In this case, YWP1p facilitates the yeast cells moving from

one location to another, and HWP1p mediates in adhesion of the hyphae (produced

by the yeast cells) to the host cells. In an infection state, the fungus interacts with

both host epithelial and endothelial cells. Adhesion of the fungus to host endothelial

cells is not mediated by HWP1p but rather by different proteins such as ALS3p [110].

This may explain why there is no significant association between HWP1 and YWP1

in infection strains. In an infection state, HWP1 or YWP1 may associate with other

genes or each gene may function independently. A similar IA value for the alleles of

YWP1 -EAP1 (2) in both commensal and infection strains indicates that the intercon-

nectedness between YWP1 and EAP1 (2) is as important in a commensal state as it

is in a pathogenic state. Based on these results, it is reasonable to expect that there

are some C. albicans genes which are interconnected more strongly in infection strains

than in commensal strains. Although there are no such pairs of genes observed in this

study, the interconnectedness between alleles of EAP1 for repeat regions 1 and 2 is

consistent with the expectation of the existence of such genes; the interconnectedness

between these alleles is stronger in infection strains than in commensal strains (see

Table 6.2 on page 199). These results imply that pairs of genes may be selected to

interact with one another when the immune status of the host changes.



Chapter 7

An Attempt to Detect New Alleles

This chapter describes an attempt to find new alleles of the YWP1, HWP1, and EAP1

genes. Any detection of new alleles would allow the mutation rate of each gene to

be determined. For the purpose to generate new alleles, in vitro serial transfer for

300 generations was used. This experiment, therefore, was aimed to answer questions

of whether YWP1, HWP1, and EAP1, are hypermutable genes. In addition to this

experiment, the possible new alleles generated was also investigated in strains isolated

from an AIDS patient with recurrent candidiasis.

7.1 Alleles of YWP1, HWP1, and EAP1 in Strain

RIHO30 from Serial Transfer

The methods to serial transfer are described in the materials and methods chapter

(see page 27). Mutation rate is defined as a ratio between the number of mutated

cells and the number of colonies tested multiplied by the generations. The mutation

rate Mrate can be expressed mathematically as,

Mrate =
# of mutated cells

# of collonies tested× generations
. (7.1)

This experiment used 60 colonies from 300 generation samples for strain RIHO30.

Primers YWP1BF and YWP1BR, HWP1F and HWP1R, and EAP1AF and EAP1AR

(see Table 2.5 on page 24) were used to amplify the repeat regions of YWP1 and

210
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HWP1, and repeat region 1 of EAP1, respectively. Alleles of YWP1, HWP1, and

EAP1 (1) in strain RIHO30 at zero and 300 generations were characterized by length

using genotyping.

Table 7.1: Results of the allele characterization of YWP1, HWP1, and EAP1 (1) in
strain RIHO30 at zero and 300 generations.

Generation Allele combination, bp (# of repeats)
YWP1 HWP1 EAP1 (1)

0 275-293 (5-8) 335-375 (2-3) 729-729 (7-7)
300 275-293 (5-8) 335-375 (2-3) 729-729 (7-7)

The results at zero generations showed that allele combinations of YWP1, HWP1,

and EAP1 (1) were (in bp) 275-293, 335-375, and 729-729, respectively. The same

allele combinations for each gene were observed at 300 generations. The results of

the characterization are summarized in Table 7.1. These results show that alleles are

unchanged after 300 generations, thus the mutation rate cannot be determined for

those genes.

7.2 Alleles of theYWP1, HWP1, and EAP1 Genes

in Strains from an AIDS Patient with

Recurrent Candidiasis

The aim of this particular study is to determine whether there is a change of alleles

of the YWP1, HWP1, and EAP1 genes in strains isolated from an AIDS patient with

recurrent candidiasis. For this purpose, six C. albicans isolates from an AIDS patient:

3207, 3208, 3209, 3210, 3211, and 3212, were characterized. There was an interval of

4 years between the isolation of isolates 3207 and 3212, and an interval of 28 months

between isolates 3209 and 3210 [70]. Typing of the six sequential isolates used in this

experiment (isolates 3207-3212) showed that they are from the same progenitor. The

isolates were donated by Dr P.T. Magee’s laboratory, University of Minnesota, USA.
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Primers YWP1BF and YWP1BR, HWP1F and HWP1R, EAP1AF and EAP1AR,

and EAP1BF and EAP1BR (see Table 2.5 on page 24) were used to amplify the repeat

regions of YWP1, HWP1, and repeat regions 1 and 2 of EAP1, respectively. Alleles

of the YWP1, HWP1, and EAP1 genes from six isolates were characterized. For

YWP1, allele combination containing 275 and 293 bp length (2 and 5 repeat units)

were observed in all 6 isolates. For HWP1, allele combination containing 405 and

405 bp length (4 and 4 repeat units) were observed in all 6 isolates. For EAP1 (1),

allele combination containing 1123 and 1650 bp length (13 and 19 repeat units) were

observed in all 6 isolates. For EAP1 (2), allele combination containing 2800 and 2800

bp length (147 and 147 repeat units) were observed in all 6 isolates. The results

of the characterization of the YWP1, HWP1, and EAP1 genes for the six isolates

are presented graphically in Figure 7.1. The results show that there is no change in

YWP1, HWP1, and EAP1 alleles over a four-year period.

7.3 Discussion

7.3.1 Prediction of mutation rate of YWP1, HWP1, and

EAP1

Since alleles of YWP1, HWP1, and EAP1 in strain RIHO30 were found to be un-

changed after 300 generations, the mutation rate cannot be determined for those

genes. The same ’300 generation sample’ used for this study, had already been used

to detect new alleles of SSR1, and from 60 colonies tested, two new alleles were ob-

served; the mutation rate of SSR1 was determined to be 1.1× 10−4 per cell division

[52]. Since the same ’300 generation sample’ was used in both studies, it can be in-

ferred that the mutation rate of YWP1, HWP1, and EAP1 is smaller than that of

SSR1. Indeed, it is less than 5.5× 10−5 per cell division, the rate expected if only one

new allele was observed in 60 colonies. The mutation rate of PNG2 was determined

with the same method to be 2.8× 10−5 per cell division [51].

Although the mutation rate of YWP1, HWP1, and EAP1 could not be determined
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in this in vitro experiment, it can be predicted using the VARScore algorithm [42]. The

VARScore algorithm calculates a VARScore, and based on the experimental results, a

relation between the VARScore and the mutation rate was established. The VARScore

of a repeat region depends on the number of repeats, the length of the repeat unit,

and the purity of the repeats. The VARScore for YWP1, HWP1, and EAP1 was deter-

mined using SERV software available at www.hulsweb1.cgr.harvard.edu/TandemRepeat/,

from which the mutation rate for these three genes was predicted. The values of

the VARScore and the predicted mutation rate for YWP1, HWP1, and EAP1 are

presented graphically in Figure 7.2. For a comparison, the figure also included the

predicted and observed mutation rates for PNG2 [51] and SSR1 [52]. The figure

shows that the predicted mutation rates of the three genes are below 5.5 × 10−5 per

cell division, which is a minimum rate that can be resolved by the measurement used.

According to Legendre et al. [42], the VARScore algorithm can be applied to C.

albicans genes. This could explain why new alleles of YWP1, HWP1, and EAP1

could not be detected in this experiment. The VARSCore predicted mutation rates

for YWP1, HWP1, and EAP1 appear reasonable considering allele diversity of those

three genes. EAP1 with high allele diversity is predicted to have relatively higher

mutation rate than YWP1 and HWP1 with less allele diversity. However, the rea-

sonable VARScore predicted mutation rate for these three genes was found not to be

the case for PNG2 and SSR1, as the observed mutation rates for PNG2 and SSR1

are approximately 10 and 100 times, respectively, larger than the predicted values by

the VARScore algorithm.

Based on the predicted VARScore mutation rates for YWP1, HWP1, and EAP1,

and using the standard of hypermutable genes ranging from 1× 10−5 to 1× 10−2 per

cell division [55], only EAP1 can be categorized as a hypermutable gene.

A failure to detect new alleles of the C.albicans genes in in vitro experiments has

also been reported in previous studies [47, 33, 111, 112, 113]. The genes include: ALS1

[111], EF3 [47], ERK1 [113], ALS3, ALS5, and ALS6 [33], ALS3 and ALS51 [112].

The results for YWP1, HWP1, and EAP1 indicate that these genes can be added

to the list of genes with relatively low mutation rate (no new alleles were observed
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in these genes). Although the mutation rates of these genes must be relatively low,

there was a variability in the number of repeat units observed for each gene. There

were 24 different alleles observed for ALS1 [31], eight different alleles for CEF3 [47],

16 and 12 different alleles for CEF3 and ERK1, respectively [31], 14 different alleles

for ALS3 [27], nine different alleles for ALS5 [33], and seven different alleles for ALS6

[33]. In addition, the numbers of different alleles observed for YWP1, HWP1, and

EAP1 (1) were 8, 5, and 14, respectively.

7.3.2 A contingency gene has a low mutation rate

The HWP1 gene in RIHO30 has been shown to have a low mutation rate compared

to the experimental measured rates for PNG2 and SSR1 [51, 52]. In addition, the

VARScore algorithm predicted that HWP1 has lower mutation rate compared to

PNG2 and SSR1 (see Figure 7.2 on page 215). Since the mutation rate tends to

increase when the number of repeats increases, and there are 3 repeats of HWP1 in

RIHO30, there is a possibility that the mutation rate of HWP1 will be larger when

the number of repeats increases. However, although the predicted mutation rate for

6 repeats (the maximum repeats observed) is larger than that for 3 repeats, it is still

less than 1× 10−6 per cell division, lower than both the predicted and measured rates

for PNG2 and SSR1.

The experimental results show that strains with different genetic backgrounds

select the same predominant alleles of HWP1. This indicates that HWP1 has a role in

adaptation through the variation of its repeats, i.e. HWP1 functions as a contingency

gene. In contrast, the experimental results show that strains with different genetic

backgrounds select distinct predominant alleles of PNG2 and SSR1, i.e. PNG2 and

SSR1 do not function as contingency genes. Since HWP1 has been suggested to

have a low mutation rate, while PNG2 and SSR1 have been observed to have high

mutation rates, i.e. PNG2 and SSR1 are hypermutable genes, it can be inferred

that a hypermutable gene does not necessarily function as a contingency gene, and

a contingency gene is not necessarily hypermutable. This is reasonable, since a high

mutation rate facilitates adaptation when the cells are exposed to a condition to
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which they are poorly adapted by producing diverse alleles. If the cells are well

adapted, most of the diverse alleles resulting from a high mutation rate are likely

to be deleterious due to their low fitness, i.e. once the cells became adapted, the

advantages of high mutation rates are lost. This suggests that the well adapted cells

tend to have low mutation rates [77]. This study shows that HWP1 of C. albicans

acts as a contingency gene, and has a low mutation rate. It is a common belief that a

high mutation rate benefits to the functionality of a contingency gene [55]. However,

the results of HWP1, PNG2, and SSR1 suggest that this may not be the case for

C. albicans genes, with an exception for SSR1 when considering an adaptation when

C. albicans changes from commensal to a pathogenic state; it has been claimed that

SSR1, a hypermutable gene, acts as a contingency gene when C. albicans changes

from commensal to a pathogenic state [52].

The VARScore algorithm predicts that the mutation rate of EAP1 (1) is higher

than that of YWP1, and the mutation rate of YWP1 is slightly higher than that of

HWP1 (see Figure 7.2 on page 215 for RIHO30). In addition to this, the prediction for

the mutation rate of these three genes based on the range of alleles observed (from the

minimum to the maximum number of repeats) is consistent. The VARScore predicted

mutation rates range from 3.4×10−7 to 2.3×10−6 per cell division for YWP1, 1.2×10−7

to 6.1×10−7 per cell division for HWP1, and 3.1×10−6 to 2.7×10−4 per cell division

for EAP1 (1); the number of repeats varies from 5 to 14, 2 to 6, and 2 to 15, for

YWP1, HWP1, and EAP1 (1), respectively (see Figure 7.3 on page 218). This is in

agreement with a hypothesis that a well adapted gene tends to have low mutation

rates [77], which is the case for HWP1. Using this thought, it can be inferred, that

YWP1 with mutation rate predicted to be relatively low (slightly higher than that of

HWP1 ), potentially is a contingency gene, and may be at a state closer to the well

adapted gene as HWP1. This is supported by the results described in Chapter 3,

where YWP1 allele combinations of 5-5 repeat units predominated in GPG strains,

while 5-8 predominated in non-GPG strains, i.e. the two different genetic background

strains select YWP1 alleles of 5 repeat units. In the final state, alleles 8 repeat units

of non-GPG strains may be eliminated leaving the predominant allele combinations of
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GPG and non-GPG strains the same. This scenario assumed that alleles of non-GPG

strains adapt to follow those of GPG strains; it has been indicated that GPG strains

are more virulent than non-GPG strains in young candidemia patients [80], GPG

strains are 10 to 100 times more likely to cause disease than non-GPG strains [56],

and most GPG strains are identical to clade 1 [78, 79], which has been proposed to

be better adapted as humans epithelial colonizer and invader [79] compared to other

clades in C. albicans.

7.3.3 No change in YWP1, HWP1, and EAP1 alleles oc-

curred during recurrent candidiasis over a four-year

period

Alleles of YWP1, HWP1, and EAP1 in six isolates from an AIDS patient with re-

current candidiasis were unchanged over a four-year period. There are three possible

scenarios which can occur for these results : 1) each recurrent candidiasis is caused

by the same strain, 2) although the same strain is responsible for each recurrent can-

didiasis, there is minor variation in genotype, i.e the strain undergoes microevolution,

or 3) each recurrent candidiasis is caused by a different strain, i.e. there is strain

replacement [114]. However, since the six isolates used in this experiment (strains

3207-3212) have been found to come from the same progenitor [70], scenario 3 can be

ruled out. It has been suggested that a person commonly carries only one C. albicans

strain [115]. If the strain undergoes microevolution that alters these genes (scenario

2), there would be variants selected for the three genes after drug treatment in each

successive infection, resulting in different alleles of the genes for each infection. The

result of this chapter seems to fit to scenario 1, where there was no microevolution and

the same strain was responsible in each recurrent candidiasis. The results indicate

that YWP1, HWP1, and EAP1 may not respond to antifungal therapeutics.

The results are consistent with the results of other studies on CAI microsatellite, a

non-coding locus of C. albicans ; from 8 patients with recurrent candidiasis, 6 patient

showed that the same strain was responsible for each recurrent candidiasis [116].
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However, the same studies on CAI microsatellite also showed one case, where the

same strain was responsible for the recurrent candidiasis, but the strain underwent

microevolution (scenario 2), and one case where a different strain was responsible for

each recurrent candidiasis (scenario 3).



Chapter 8

Summary and Conclusion

8.1 Summary

Candida albicans is a predominant causative agent of fungal infections in humans. It is

an opportunistic pathogen that resides on the mucosal surfaces of the gastrointestinal

tract, genitourinary tract, and oral sites of humans as harmless commensals. However,

it can cause infection in humans when there is attenuation of normal host immune

system i.e. in immunocompromised persons because of AIDS and organ transplanta-

tion. In immunocompromised persons, it can cause infection in almost all parts of the

body, which indicates its ability to adapt well to different environmental conditions.

The ability of C. albicans to alter its cell wall proteome in different conditions has

been suggested to play important roles in the virulence of this fungus, and enable this

fungus to adapt well to different host conditions [11]. The ability to have variation

in the fungal cell surface in different conditions can help the fungus both to colonize

different sites of the humans body and to evade the host immune system. Changes

of the characteristics of individual cell surface protein through the variation in the

number of repeats within the coding sequences is one of the processes that can result

in cell surface variation. Variation in the repeats also can affect the exposure of the

functional domain into extracellular space where it can carry its function. Approxi-

mately 115 genes in C. albicans have been predicted to encode cell surface proteins

[19], and 50 % of the genes have repeat sequences [11].

221
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Studies of C. albicans populations using DNA fingerprinting with the Ca3 probe

indicate the existence of a strain group called general-purpose genotypes (GPG) [56].

This group was found to cause disease 10 to 100 times more often than a non-GPG

strain group. GPG strains have been suggested to be better adapted in colonizing

and causing disease on humans compared to non-GPG strains, and are related to

clade 1 of 5 clades classified by MLST typing [78, 79]. Clade 1 was found to be more

often associated with both epithelial colonization and infection than other clades

[79]. Study on the genome of GPG and non-GPG strains using AFLP indicates that

polymorphism on repeat-ORF has been found to be over-represented in GPG strains

and is suggested to be important for the success of GPG strains [78].

The aim of this study was to identify genes which encode cell surface proteins,

and are responsible for the adaptation process of C. albicans in humans by changing

the number of repeats within the coding sequences. These genes are frequently called

contingency genes, and have been identified in bacteria and fungi that cause disease

in humans [44, 45]. In this study, a contingency gene is defined as a gene which

has a role in adaptation by changing the number of repeat units within the coding

sequences. YWP1, HWP1, and EAP1 were chosen as potential contingency genes,

since these genes encode cell surface proteins [13, 17, 25, 58] and contain repeats [59].

To find out whether YWP1, HWP1, and EAP1 are contingency genes, their allelic

distributions in two groups of strains with different genetic background, GPG and

non-GPG strains, were examined. In addition, the allelic distributions in commensal

and infection strains, and in strains isolated from different sites of the humans body

were also examined.

8.1.1 Variability in the number repeats in YWP1, HWP1,

and EAP1

This study reveals that there is a variability in the number of repeats in YWP1,

HWP1, and EAP1 observed from different strains. The number of different alleles

and allele combinations of YWP1, HWP1, and EAP1 is summarized in Table 8.1.
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The number of different alleles and allele combinations of HWP1 in all strains tested

is the least, and the number of different alleles and allele combinations of EAP1 is

the highest.

Table 8.1: Summary of the number of different alleles and allele combinations of
YWP1, HWP1, and EAP1.

Group YWP1 HWP1 EAP1 (1) EAP1 (2)

Number of GPG strains 3 4 8 8
different Non-GPG strains 8 5 14 22
alleles Commensal strains 3 5 7 6

All strains 8 5 15 26

Number of GPG strains 4 8 12 8
different Non-GPG strains 12 8 28 22

allele combinations Commensal strains 2 7 8 7
All strains 13 11 38 29

8.1.2 Allelic distributions of YWP1, HWP1, and EAP1 in

GPG and non-GPG strains

In this study, allelic distributions of YWP1, HWP1, and EAP1 in GPG and non-GPG

strains were examined to determine whether the genes have a role in adaptation by

changing the number of repeats in the coding sequences, i.e. whether YWP1, HWP1,

and EAP1 are contingency genes.

Allelic distributions of YWP1, HWP1, and EAP1 in GPG and non-GPG strains

indicate that there are predominant alleles and allele combinations in both groups,

with the exception that no predominant EAP1 allele combinations were observed in

non-GPG strains. The percentage of the predominant allele combinations in GPG

strains is larger than that in non-GPG strains. Table 8.2 contains the summary of

the predominant alleles and allele combinations of YWP1, HWP1, and EAP1 in GPG

and non-GPG strains and the percentage of strains which have the predominant allele

combinations.

Allelic distributions of YWP1, HWP1, and EAP1 in GPG and non-GPG strains

are unique for each gene in terms of whether there is an impact of either the genetic
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Table 8.2: The predominant alleles and allele combinations of YWP1, HWP1, and
EAP1 in GPG and non-GPG strains. The percentages of the predominant alleles and
allele combinations are shown in the parenthesis next to the predominant alleles and
allele combinations.

Predominant alleles / allele combinations (%)
Genes alleles allele combinations

GPG Non-GPG GPG Non-GPG

YWP1 5(95) 5(38), 8(38) 5-5 (94) 5-8 (38)
HWP1 4(38), 5(51) 4(40), 5(48) 4-5 (45) 4-5 (34)
EAP1 (1) 10 (44), 11(36) 8(21), 11(15) 10-11 (59) -
EAP1 (2) 33(44), 48(35) 83(23), 102(27) 33-48 (71) 83-83(20),102-102(22)

background or the selective pressure on the genes. First, the predominant alleles and

allele combinations of HWP1 in GPG and non-GPG strains are the same, which show

that there is a strong selective pressure on HWP1 resulting in the selection of the

same alleles by different genetic background strains. Second, the predominant allele

combinations of YWP1 in GPG and non-GPG strains are different, which shows an

impact of the genetic background. However, GPG and non-GPG strains share the

same predominant alleles, alleles containing 5 repeat units, which show that there

is also a selective pressure on the gene. Therefore, both the genetic background

and selective pressure influence the allelic distributions of YWP1. Third, there are

predominant allele combinations of EAP1 for repeat region 1 observed in GPG strains,

but no obvious predominant allele combinations were observed in non-GPG strains.

For repeat region 2, the predominant allele combinations of EAP1 in GPG and non-

GPG strains are different. Therefore, there is no indication of selective pressure on

EAP1, and allelic distributions of EAP1 are influenced by the genetic background.

Based on the genetic background of the strains tested and the allelic distributions

of the genes observed, YWP1 and HWP1 can be categorized as contingency genes,

while EAP1 cannot be categorized as a contingency gene.
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8.1.3 Allelic distributions of YWP1, HWP1, and EAP1 in

commensal and infection strains

In this study, allelic distributions of YWP1, HWP1, and EAP1 in commensal and

infection strains were examined to determine whether the genes act as contingency

genes when C. albicans state changes from commensal to pathogenic.

Comparison of the allelic distributions of YWP1, HWP1, and EAP1 in commen-

sal and infection strains showed that commensal and infection strains have the same

predominant alleles and allele combinations. This leads to the conclusion that the

number of YWP1, HWP1, and EAP1 repeats does not alter when C. albicans state

changes from commensal to pathogenic. The predominant alleles and allele combi-

nations of YWP1, HWP1, and EAP1 in commensal and infection strains and the

percentage of the strains having the predominant alleles and allele combinations are

summarized in Table 8.3.

Similar results were observed in the genotype distributions of pairs of genes and all

three genes as a single set in commensal and infection strains. There was no significant

difference in the distribution of the predominant genotypes of YWP1-HWP1, YWP1-

EAP1, HWP1-EAP1, and YWP1-HWP1-EAP1 in commensal and infection strains.

Table 8.3: The predominant alleles and allele combinations of YWP1, HWP1, and
EAP1 in commensal and infection strains. The percentages of the predominant alleles
and allele combinations are shown in the parenthesis next to the predominant alleles
and allele combinations.

Predominant alleles / allele combinations (%)
Genes alleles allele combinations

Commensal Infection Commensal Infection

YWP1 5(94) 5(95) 5-5 (94) 5-5 (94)
HWP1 4(39), 5(41) 4(40), 5(48) 4-5 (66) 4-5 (45)
EAP1 (1) 10(43), 11(47) 10 (44), 11(36) 10-11 (55) 10-11 (59)
EAP1 (2) 33(45), 48(44) 33(44), 48(35) 33-48 (71) 33-48 (71)
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8.1.4 Allelic distributions of YWP1, HWP1, and EAP1 in

strains isolated from different sites of the humans body

In this study, allelic distributions of YWP1, HWP1, and EAP1 in strains isolated from

different sites of the humans body were examined to determine whether the genes act

as contingency genes when C. albicans moves to particular sites of the humans body.

The results of this study show no significant difference in the distribution of alleles

and allele combinations of YWP1 and EAP1 in strains isolated from different sites

of the humans body. Although there is no significant difference in the distribution

of HWP1 alleles observed in strains isolated from different sites of the humans body,

there is a significant difference in the HWP1 allele combinations. This leads to the

conclusion that YWP1 and EAP1 do not act as contingency genes, but HWP1 may

act as a contingency gene, when C. albicans moves to particular sites of the humans

body.

8.1.5 Are YWP1, HWP1, and EAP1 contingency genes ?

Based on the allelic distributions of YWP1, HWP1, and EAP1 in GPG and non-GPG

strains, or in commensal and infection strains, or in strains isolated from different sites

of the humans body, it can be inferred that YWP1 and HWP1 can be categorized

as contingency genes, while EAP1 cannot be categorized as a contingency gene (see

Table 8.4 for the summary). The result shows that although there is a variability in

the number of repeats in YWP1, HWP1, and EAP1 observed from different strains,

the variability was used for adaptation purposes only in YWP1 and HWP1.

Table 8.4: The summary of whether there is any indication that YWP1, HWP1, and
EAP1 are involved in adaptation, thus contingency genes.

Adaptation (contingency gene)
Genes Genetic background Immune status Particular sites

YWP1 YES NO NO
HWP1 YES NO YES
EAP1 NO NO NO
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8.1.6 The gene interconnectedness distinguishes

commensal from infection strains

Although commensal and infection strains cannot be distinguished by the allelic dis-

tribution of YWP1, HWP1, and EAP1, the gene interconnectedness does distinguish

these two groups. The gene interconnectedness for commensal strains is systemati-

cally stronger than the gene interconnectedness for infection strains for any pair of

genes and for all three genes as a single set, with the exception of the YWP1 -EAP1 (2)

pair. These results suggest that the interconnectedness between YWP1, HWP1, and

EAP1 is more important in a commensal state than it is in a pathogenic state. These

results imply that there may be pairs of genes selected to interact one with another

when the immune status of the host changes.

Beside the gene interconnectedness, the percentage of the predominant YWP1 -

HWP1 -EAP1 genotypes in commensal strains is larger compared to infection strains.

This also indicates that the interaction between these three genes may be more im-

portant when C albicans is in a commensal state than when it is in a pathogenic

state.

8.1.7 Are YWP1, HWP1, and EAP1 hypermutable genes ?

Bacterial genes with mutation rates in the range 10−5 to 10−2 per cell division have

been categorized as hypermutable gene [55], and the same range of mutation rates was

applied to the C. albicans genes characterized in this study. Since no mutated alleles

of YWP1, HWP1, and EAP1 were observed in RIHO30 strain used in these studies,

the gene mutation rate could not be determined. Given the methodology used, it

can be inferred that the mutation rate of the three genes is less than 5.5 × 10−5 per

cell division. In addition, using the VARScore algorithm, the mutation rate of the

YWP1 and HWP1 is predicted to be lower than 1 × 10−6 per cell division, and of

the EAP1 to be 2.2× 10−5 per cell division. Both the inference from the observation

and the prediction from the VARScore algorithm suggest that YWP1 and HWP1

may not be categorized as hypermutable genes, while EAP1 may be categorized as a
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hypermutable gene. The fact that the mutated alleles of EAP1 could not be observed

may be due to the nature of the experiment designed. The prediction that EAP1 is a

hypermutable gene, while YWP1 and HWP1 are not hypermutable genes is consistent

with the fact that the numbers of different alleles of EAP1 is the most compared to

YWP1, HWP1.

8.2 Conclusions and Future Directions

8.2.1 Conclusions

1. Based on the allelic distributions of YWP1, HWP1, and EAP1 in GPG and

non-GPG strains, YWP1 and HWP1 can be categorized as contingency genes, while

EAP1 cannot be categorized as a contingency gene. For YWP1, although GPG and

non-GPG strains select distinct predominant allele combinations, they share common

predominant alleles, which are optimal alleles for both groups. For HWP1, GPG

and non-GPG strains select the same predominant alleles and allele combinations,

which indicates that these predominant alleles are important alleles for both groups.

For EAP1, allelic distributions in GPG strains and non-GPG strains are significantly

different.

2. Based on the allelic distributions of YWP1, HWP1, and EAP1 in commensal

and infection strains, it can be inferred that YWP1, HWP1, and EAP1 do not act

as contingency genes when C. albicans state changes from commensal to pathogenic.

Although the allelic distributions of the genes cannot distinguish commensal from

infection strains, the gene interconnectedness does distinguish these two groups, i.e.

the YWP1 -HWP1 -EAP1 interconnectedness is stronger in commensal strains than

it is in infection strains.

3. Based on the allelic distributions of YWP1, HWP1, and EAP1 in strains

isolated from different sites of he humans body, it can be inferred that YWP1 and

EAP1 do not act as contingency genes, but HWP1 may act as a contingency gene,

when C. albicans moves to particular sites of the humans body.

4. The results of this study cannot determine whether YWP1, HWP1, and EAP1
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are hypermutable genes, since there were no new alleles observed. However, from the

prediction of the VARScore algorithm, EAP1 may be categorized as a hypermutable

gene, while YWP1 and HWP1 may not be categorized as hypermutable genes. Based

on the VARScore predicted mutation rates, it can be inferred that the contingency

genes tend to have low mutation rates, while hypermutable genes may not necessarily

act as contingency genes.

8.2.2 Future Directions

Using 454 sequencing to determine the mutation rate of YWP1, HWP1

and EAP1

In these studies, the mutation rate of YWP1, HWP1, and EAP1 could not be de-

termined, since no new alleles were observed. This may be due to the fact that the

mutation rate of these three genes is less than the minimum rate that the experi-

mental design can detect. This is consistent with the low mutation rates predicted

by the VARScore algorithm for these three genes. One method for measuring the

mutation rates of these genes would be to using 454 sequencing [117]. 454 sequencing

can generate approximately a million reads per sample, which obviously can cover all

DNA templates present in a sample. In 454 sequencing the average read length is

450 to 500 bp, which is longer than the repeat regions of YWP1 and HWP1 for all

strains tested in these studies. Since the EAP1 repeat regions for all strains is longer

than 450 bp, the 454 sequencing is not feasible. However, for EAP1, the predicted

mutation rate is larger than those for YWP1 and HWP1. Therefore it may be pos-

sible to observe EAP1 mutations, simply by increasing either the number of colonies

and/or the number of generations above the 60 colonies and the 300 generations used

in these studies.
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Allelic characterization of YWP1, HWP1, and EAP1 in strains from five

different clades of C. albicans

The strains of C. albicans have been assigned by MLST and Ca3 probes into five large

clades [79]. Strains from each of the five clades have distinct genetic backgrounds, but

similar genetic diversity. The GPG strains used in these studies have been associated

with clade 1 [78]. GPG strains have a different genetic background to non-GPG

strains, and the genetic diversity of non-GPG strains is much greater than GPG strains

[56]. Therefore, characterization of YWP1, HWP1, and EAP1 in strains of these five

different clades is of interest, and may reveal more information about the significance

of the repeat regions. For example, allelic characterization of HWP1 in strains of

these five different clades could confirm the results of these studies that HWP1 is a

contingency gene. In addition, allelic characterization of YWP1 in strains of these five

different clades could reveal whether different clade strains share alleles containing 5

repeat units, allowing a more distinctive categorization of YWP1 as a contingency

gene. Likewise, allelic characterization of EAP1 in strains of these five different clades

could reveal whether different clade strains select different predominant alleles and

alleles combinations, which show an impact of the genetic background on the allelic

distribution of EAP1.

Relation Between HWP1 Allele Variability and � 1.2 Mannosides

�−1.2 Mannosides (�-Mans) are molecules found in the Candida albicans cell wall that

are associated with virulence due to their adhesin and immunomodulatory properties

[118]. Different numbers of �-Mans have been found in different strains, cell forms,

and growth conditions [119, 120, 121, 122]. The number varies from 1 to 14 [123]. �-

Mans have been found to stimulate the production of a specific antibody that protects

mice from candidiasis [124]. In humans with candidiasis, this antibody has also been

found to be present [125], to mediate the attachment of C. albicans cells to the

host macrophage cells [126], and to stimulate macrophage cells to produce cytokines,

that function in antimicrobial defense system [127]. The production of cytokines by

macrophage cells is not optimal if the number of �-Mans is less than seven [127].
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HWP1p is a cell wall protein that has been proven to be �-mannosylated [128].

Since HWP1 appears to be a gene that is involved in adaptation of C. albicans in its

host as shown in these studies, this gene most likely plays an important role in C.

albicans virulence. Therefore, it is of interest to find out whether there is a correlation

between the allele variability of HWP1 found in these studies, and the number of �-

Mans attached to HWP1p. Since the predominant alleles of HWP1 can be considered

to be better adapted alleles, these alleles may associated with particular numbers of

�-Mans. If this is the case, then the number of �-Mans may be less than 7 which then

leads to a significantly decreased production of cytokines by the host macrophage

cells. If this hypothesis is proven, it would be further evidence for the importance of

the HWP1protein in colonization and invasion of C. albicans.

In vivo Experiments to Observe Gene Interconnectedness in Commensal

and Infection Strains

These studies show that gene interconnectedness among YWP1, HWP1, and EAP1

is systematically higher in commensal strains than it is in infection strains. Since

the gene interconnectedness was determined by analyzing allele combinations of the

three genes in commensal and infection strains, an in vivo experiment to observe this

interconnectedness would be of interest.

A possible experimental plan would involve commensal and pathogenic states of

C. albicans in rats. Since there was a significant change in the interconnectedness

between YWP1 and HWP1 in these states, it is reasonable to expect that a significant

change would be seen in in vivo experiments. Cells of a strain of interest would be

grown in series of rats until they reached a certain number of generations, that could

reasonably be expected to give rise to mutations in both genes. The commensal and

pathogenic C. albicans cells in rats would then be isolated, and DNA analysed using

454 sequencing [117] to identify the mutated alleles of YWP1 and HWP1. Allele

combinations of YWP1 and HWP1 for strains from commensal and pathogenic C.

albicans would then be analysed to calculate the non-random association between the

two genes. The results can be compared to confirm the results from the calculations
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done in these studies.
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