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Distinct microenvironments in the host can differ significantly (e.g. nutrients 
availability) and that Candida glabrata, in order to be an effective human 
pathogen, must transit between these niches and adapt to the differences. In 
addition, most of the immune cells also actively deprive nutritional resources 
from invading pathogens, which makes the survival of intracellular pathogens 
even more challenging. Candida glabrata appears to utilise unique stealth, evasion 
and persistence strategies in subverting the onslaught of host immune response 
during systemic infection. In fact, it is surprising that C. glabrata triggers its own 
engulfment by macrophages. Considering the glucose-deficient condition 
within the macrophages, C. glabrata must be able to assimilate endogenous 
resources such as alternative carbon sources for their survival. The present study 
concentrated on the impact of alternative carbon metabolism in the metabolic 
flexibility and pathogenicity of C. glabrata. Growth on alternative carbon sources 
such as acetate, lactate, ethanol and oleic acid induced alteration in several 
fitness and pathogenic attributes of C. glabrata. These include the reduction in 
planktonic growth, biofilm formation, and oxidative stress resistance. 
Alternative carbon sources also modulated the cell wall architecture of C. 
glabrata, as demonstrated by the reduction of β-glucan and chitin layer, and the 
increase of mannan layer. Furthermore, the antifungal resistance of C. glabrata 
grown in alternative carbon sources was significantly enhanced. The metabolic 
regulation of alternative carbon metabolism in C. glabrata was subsequently 
explored using high-throughput transcriptomic and proteomic analyses in 
response to acetate, an alternative carbon source that has been proven to be 
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relevant in vivo. Collectively, both transcriptome and proteome data revealed 
that the regulation of alternative carbon metabolism in C. glabrata substantially 
resembled human fungal pathogens such as Candida albicans and Cryptococcus 
neoformans, with up-regulation of many proteins and transcripts from the 
glyoxylate cycle and gluconeogenesis, namely isocitrate lyase (ICL1), malate 
synthase (MLS1), phosphoenolpyruvate carboxykinase (PCK1) and fructose 1,6-
biphosphatase (FBP1). In the absence of glucose, C. glabrata shifted its 
metabolism to hexose anabolism from the available carbon source. The results 
essentially suggest that the gluconeogenic metabolism are possibly critical for 
the survival of phagocytosed C. glabrata within the glucose-deficient 
macrophages. The importance of the glyoxylate cycle enzyme gene ICL1 in the 
metabolic flexibility and pathogenicity of C. glabrata was further substantiated 
by the comprehensive analyses of icl1∆ mutant strains. Indeed, disruption of ICL 
rendered C. glabrata unable to assimilate several alternative carbon sources, as 
well as reduced its biofilm formation capability. In addition, ICL1 is also pivotal 
for the survival of phagocytosed C. glabrata, as the icl1∆ mutant strains were 
significantly more susceptible to macrophage killing relative to wild-type strain. 
Finally, evaluation of icl1∆ mutant strains in a mouse model of invasive 
candidiasis showed that ICL1 is essentially required for the full virulence of C. 
glabrata in vivo. In conclusion, the present study demonstrated that alternative 
carbon metabolism and the glyoxylate cycle is crucial for the metabolic flexibility 
and pathogenicity of C. glabrata in vitro and in vivo. The findings implicate ICL1 
as a promising target in the development of novel and innovative treatments for 
a better management of invasive candidiasis. 
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Persekitaran mikro dalam perumah boleh berbeza dengan ketara (ketersediaan 
nutrien) dan Candida glabrata, untuk menjadi patogen manusia yang berkesan, 
mesti transit antara nic perumah dan menyesuaikan diri dengan perbezaan ini. 
Tambahan pula, kebanyakan sel-sel imun juga melucutkan sumber pemakanan 
secara aktifnya daripada pathogen penyerang, dan ini menjadikan survival 
pathogen intraselular lebih mencabar. Candida glabrata menggunakan strategi 
penyelinapan, pengelakan dan pengekalan yang unik untuk melawan gerak 
balas imun perumah semasa jangkitan sistemik. Malah, C. glabrata juga 
mencetuskan fagositosisnya oleh sel makrofaj. Memandangi keadaan 
kekurangan glukosa dalam sel makrofaj, C. glabrata mesti mengasimilasi sumber 
endogen seperti sumber karbon alternatif untuk menjamin survival mereka. 
Penyelidikan ini bertujuan untuk mengkaji kesan metabolisme karbon alternatif 
terhadap fleksibiliti metabolik dan kepatogenan C. glabrata. Pertumbuhan dalam 
sumber karbon alternatif seperti asetat, laktat, etanol dan asid oleik membawa 
perubahan kepada beberapa sifat kecergasan dan patogen C. glabrata. Ini 
termasuk pengurangan pertumbuhan planktonik, pembentukan biofilm, dan 
rintangan oksidatif. Sumber karbon alternatif juga memodulasi seni bina 
dinding sel C. glabrata, seperti yang ditunjukkan dalam pengurangan lapisan β-
glukan dan kitin, dan peningkatan lapisan manan. Tambahan pula, rintangan 
antikulat C. glabrata dalam sumber karbon alternatif juga telah dipertingkatkan 
dengan ketara. Pengawalaturan metabolisme karbon alternatif C. glabrata dalam 
asetat dikaji dengan menggunakan analisis transkrip dan protein keupayaan 
celusan tinggi. Secara keseluruhannya, data transkrip dan protein menunjukan 
bahawa pengawalaturan metabolisme karbon alternatif C. glabrata menyerupai 
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patogen kulat manusia seperti Candida albicans dan Cryptococcus neoformans, 
dengan peningkatan pengawalaturan protein dan transkrip dari kitaran 
glioksilat dan glukoneogenesis, termasuk isositrat liase (ICL1), malat sintase 
(MLS1), fosfoenolpiruvat karboksikinase (PCK1) dan fruktosa 1,6-bifosfat (FBP1). 
Semasa ketidakhadiran glukosa, C. glabrata mengalih metabolismenya ke 
anabolisme glukosa dengan menggunakan sumber karbon yang sedia ada. Hasil 
kajian mencadangkan bahawa kitaran glioksilat dan glukoneogenesis 
berkemungkinan kritikal kepada survival C. glabrata dalam sel makrofaj yang 
kekurangan glukosa. Kepentingan kitaran glioksilat dalam fleksibiliti metabolik 
dan kepatogenan C. glabrata juga dibuktikan oleh analisis komprehensif strain 
mutan icl1Δ. Penghapusan gen ICL1 menghalang C. glabrata daripada 
mengasimilasi beberapa sumber karbon alternatif, dan juga mengurangi 
keupayaannaya dalam pembentukan biofilm. Di samping itu, ICL1 adalah 
penting untuk survival fagositosis C. glabrata, kerana strain mutan icl1Δ lebih 
mudah terdedah kepada pembunuhan makrofaj berbanding dengan strain jenis 
liar. Akhir sekali, penilaian strain mutan icl1Δ dalam model tikus kandidiasis 
invasive menunjukkan bahawa ICL1 diperlukan untuk virulens C. glabrata in 
vivo. Kesimpulannya, kajian ini menunjukkan bahawa metabolisme karbon 
alternatif dan kitaran glioksilat adalah penting untuk fleksibiliti metabolik dan 
kepatogenan C. glabrata in vitro dan in vivo. Penemuan ini mencadangkan ICL1 
sebagai sasaran berpotensi dalam perkembangan rawatan baru dan inovatif 
untuk pengurusan kandidiasis yang lebih baik. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
1.1 Introduction 

 
Nearly 150 million of human populations are affected by potentially life-
threatening fungal infections worldwide (Bongomin et al., 2017). However, these 
fungal diseases are as yet a disregarded issue by public health authorities even 
though most deaths caused by fungal infections are preventable (Bongomin et 
al., 2017). Invasive candidiasis, a systemic fungal infection caused by Candida 
species arises regularly among hospitalised individuals in the developed 
countries and is widely acknowledged as the cause of high morbidity and 
mortality (>50,000 deaths annually), primarily due to delay in diagnosis and 
commencement of fitting antifungals (Kullberg and Arendrup, 2015; Ben-Ami, 
2018). Invasive candidiasis is one of the most common invasive mycoses and 
comprises of bloodstream infection (candidaemia) and deep-seated infection 
(Kullberg and Arendrup, 2015; Calandra et al., 2016). Also, candidaemia is 
associated with longer length of stay (LOS) and high financial burden up to USD 
40,000 per person (Zaoutis et al., 2005; Strollo et al., 2017). 
 
 
Approximately 10 - 20% of the Candida species discovered, including common 
species such as Candida albicans, Candida glabrata, Candida krusei, Candida tropicalis, 
and Candida parapsilosis have been implicated to cause invasive candidiasis in 
human (Pfaller et al; 2014; Yapar, 2014). Distribution of Candida species that 
cause infection has been changing throughout the last decade, with a 
diminishing prevalence of C. albicans and emergence of non-albicans Candida 
species (NCAC) (Lamoth et al., 2018). Notably, C. glabrata has been recognised 
as either second or third commonest cause of invasive candidiasis after C. 
albicans, and similar epidemiology have also been highlighted in multiple global 
surveillance programmes such as SENTRY, ARTEMIS and TRANSNET (Messer 
et al., 2006; Messer et al., 2009; Pfaller et al., 2010; Andes et al., 2016). Invasive 
candidiasis caused by C. glabrata is most commonly associated with patients 
with solid tumours and solid organ transplantation (Pfaller et al., 2014). 
Furthermore, C. glabrata candidaemia often has a longer LOS and imposes higher 
costs when compared to candidaemia caused by C. albicans (Moran et al., 2010). 
 
 
Host immunity and pathogenicity of Candida are believed to be crucial for 
establishment of candidiasis (Silva et al., 2012). For instance, fitness and 
pathogenic attributes such as biofilm formation, phenotypic switching, secretion 
of hydrolytic enzymes, drug resistance and enhanced metabolic flexibility are all 
associated with the virulence of Candida species (Sardi et al., 2013). Relative to C. 
albicans, the fitness and pathogenic attributes of C. glabrata are not well-studied, 
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particularly in their natural niche. It has been shown that higher proportion of 
C. glabrata candidaemia shows increased resistance to antifungals such as azoles 
and echinocandins (Lee et al., 2009; Perlin, 2015) compared to C. albicans. 
However, C. glabrata is incapable to form hyphae and produce tissue-damaging 
hydrolytic enzymes (Silva et al., 2012), which explains the relatively less 
aggressive nature of this particular fungal pathogen. 
 
 
Compared to the aggressive C. albicans, C. glabrata elicits a weaker 
polymorphonuclear neutrophils (PMN) activation that could trigger the 
recruitment of monocytic cells to the site of infection and subsequent monocytic 
engulfment (Duggan et al., 2015). Since C. glabrata is able to survive within 
macrophages, but not within neutrophils, this fungal pathogen could use 
monocytes or macrophages as potential “Trojan horses” to gain protection 
against the host defence system, especially neutrophils attack (Seider et al., 2011; 
Seider et al., 2014; Duggan et al., 2015). Candida glabrata clearly pursues a 
different immune evasion and persistence strategies to C. albicans, as escape from 
the macrophages upon engulfment is not the priority of this fungal pathogen. In 
fact, C. glabrata persists and propagates within the microenvironment of 
macrophages without causing any significant damage to the host, but eventually 
leads to cell burst and release the fungal progenies. 
 
 
While trapped within macrophages, C. glabrata relies on endogenous resources 
for survival as the microenvironment is often depicted as glucose-deficient 
(Lorenz et al., 2004; Kaur et al., 2007). It has been shown that the ability of C. 
glabrata in mobilisation of the intracellular resources through autophagy serves 
as a major contributor to sustain viability of this pathogen during glucose 
deprivation (Roetzer et al., 2010; Shimamura et al., 2019). Besides recycling the 
intracellular resources via autophagy, the ability to utilise alternative carbon 
sources other than glucose could also potentially assist in the survival of 
engulfed C. glabrata. In fact, fundamental metabolic pathways involved in 
alternative carbon metabolism, including β-oxidation of fatty acids, the 
glyoxylate cycle and gluconeogenesis have been shown to be highly induced in 
phagocytosed-C. albicans (Lorenz et al., 2004), signifying that glucose 
deprivation and the availability of alternative carbon sources are indeed relevant 
in vivo. The principle function of these interconnected pathways is the generation 
of key metabolic intermediates from alternative carbon sources for growth and 
survival of the pathogen in vivo.  
 
 
Besides, the key metabolic enzyme genes from β-oxidation of fatty acids (FOX2, 
encoded for β-oxidation multifunctional protein), the glyoxylate cycle (ICL1, 
encoded for isocitrate lyase) and gluconeogenesis (FBP1, encoded for fructose-
1,6-biphosphatase) have been proven to be essential for the full virulence of C. 
albicans (Ramírez and Lorenz, 2007), as disruption of these genes confers a severe 
attenuation in the virulence in a mouse model of invasive candidiasis. All these 
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findings suggest that enhanced metabolic flexibility through alternative carbon 
metabolism could be a virulence determinant in Candida species.  
 
 
To date, little is known about the alternative carbon metabolism of C. glabrata in 
their natural niche. The contribution of alternative carbon metabolism in the 
physiological and pathogenic attributes of C. glabrata, as well as the regulation 
of transcriptional and proteomic network still remain unresolved.  In addition, 
the essential role of one of the metabolic pathways, the glyoxylate cycle (ICL1) 
in the metabolic flexibility and virulence of C. glabrata also warrants further 
investigation. It is envisaged that the knowledge generated from investigating 
the glyoxylate cycle and alternative carbon metabolism of C. glabrata will 
provide insights into devising novel and innovative strategies for reducing the 
severity of invasive candidiasis worldwide. 
 
 
1.2 Objectives 

 

General objective： 

 
To investigate the role of alternative carbon metabolism and the glyoxylate cycle 
in the metabolic flexibility and pathogenicity of C. glabrata. 
 
 
Specific objectives: 
 

1. To investigate the impact of alternative carbon metabolism on the fitness 
attributes of C. glabrata. 

2. To decipher the impact of alternative carbon metabolism on the 
transcriptional and proteomic landscapes of C. glabrata. 

3. To investigate the essential role of glyoxylate cycle gene ICL1 in the 
metabolic flexibility and virulence of C. glabrata. 
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