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ABSTRACT

Candida albicans and the emerging threats caused by non-albicans Candida species have
started to show resistance which calls for identification of new alternatives or modification of
the existing antifungal agents to defy the dominant tendency of infection. Presently, available
anti-Candida drugs exhibit a high frequency of resistance, low specificity and toxicity at a
higher dosage. In addition, the discovery of natural or synthetic anti-Candida drugs is slow-
paced and often does not pass clinical trials. Among non-albicans Candida species, Candida
tropicalis is frequently emerging fungal pathogen in the Asia-Pacific region, causing a high
mortality rate due to candidiasis. The preponderance of C. tropicalis in clinically isolated
strains is recorded as higher as 42.1%. Also, the resistance in isolated C. tropicalis strains
towards fluconazole is observed to be 38.5%. This increased rate of fluconazole resistance and
frequent isolation of C. tropicalis makes it a major concern. C. tropicalis is an opportunistic
human pathogen with an ability to cause superficial as well as systemic infections in
immunocompromised patients. The formation of biofilm by C. tropicalis can cause dreadful
and persistent infections which are difficult to treat due to acquired resistance. Azole drugs
including fluconazole are enormously used in several antifungal treatments. However, C.
tropicalis isolates showing significant azole drug resistance attributed to the point mutations in
cytochrome P-450 lanosterol 14-a-demethylase (Ergllp) protein. Therefore, alternative drugs
against Ergllp are immensely required to combat the acquired resistance. Owing to the
potential of essential oils in terms of their antimicrobial activities as well as traditional usage
has emphasized their applicability in various fields ranging from agriculture to food technology
and as natural alternatives alongside synthetic drugs. However, more clinical studies are
required to confirm and verify the true potency of these natural substances for their safe
applications in human health and the environment. Essential oils are found to be rich in
terpenes which are known to have good antimicrobial properties along with their explicit
aroma. Various terpenes have shown multiple antifungal activities against planktonic cells in
Candida species. However, their effects on the biofilm formation and its eradication are still in
infancy. Previous studies have revealed antifungal activities of these terpenes at multiple levels
in different organisms. Therefore, the effect of antifungal agents could not be specified by
studying it over one organism or even on established targets. More studies are required to be
done in respect to finding probable genes, proteins and metabolites responsible for resistance
against antifungal agents. Furthermore, many terpenes have been tried as antifungal agents

against Candida species. These are found as a potent anti-Candida compound with a broad
i



range of antimicrobial properties. Thus, the exploitation of antifungal and antibiofilm
properties could serve as a bridge between traditional uses and rational utilization of essential
oils and citral. In the present thesis entitled “Antibiofilm activities and proteomic analysis of
Candida tropicalis in response to terpenes”, an extensive study has been done to elaborate on
the effects of terpenes on C. tropicalis biofilm.

Firstly, in vitro growth and development of C. tropicalis biofilm were recognized and
antifungal activities of the seven terpenes, namely, geraniol, menthol, citral, cinnamaldehyde,
carvacrol, eugenol and thymol were screened. They were further checked for the abilities of
biofilm inhibition and eradication. The calculated MICsg, BICso and BECs, values for citral and
thymol were lesser than other terpenes, therefore, observed to be more effective against C.
tropicalis. The morphological changes have also shown damaged surface in the presence of
these terpenes. These results clearly indicated that among these terpenes; citral and thymol
were significantly effective against both planktonic and biofilm forms of C. tropicalis,
compared to others.

Secondly, the comparative potentials of citral and thymol against C. tropicalis were
explored. The administration of citral and thymol on C. tropicalis biofilm leads to a fungicidal
effect. The relative fold change in the expression of certain key genes which are involved in
major pathways followed by C. tropicalis, to reduce the effect of well-known drugs, has also
been investigated to get the insights in the plausible mechanism for its survival in the presence
of these two components. Citral and thymol have formed indentations in the cells depicting
distorted surface and decreased viability. Also, the cell membrane and DNA damage were
determined in C. tropicalis biofilm cells when treated with citral and thymol as antifungal
agents. The cells membrane integrity was compromised and DNA damage was observed.
Quantitative real-time PCR analysis showed augmented expression of the cell membrane
biosynthesis genes including ERG11/ CYT450 against citral and the cell wall-related tolerance
genes involving CNB1 against thymol thus, depicting their differential mode of actions.

Next, the homology model of well-known azole drug target Ergllp of C. tropicalis was
employed to unravel the interaction between citral and lanosterol-14-a-demethylase (Ergllp).
The molecular interactions of two isomers of citral namely neral and geranial, with CtErgllp,
were evaluated. The three-dimensional structure of CtErgllp was prepared through in silico
structural modelling approach. The best-generated model was validated and further used for the
molecular docking studies with citral. The molecular docking studies provide insights into
citral-CtErgl1p interactions, which could be helpful for further optimization and development
of other inhibitory analogues of citral asserting the expansion of proficient broad-spectrum

antifungals. The molecular interactions between citral, heme group and participating amino
ii



acid residues of CtErgllp protein have been identified that could lead to understanding the
protein-ligand interaction.

Furthermore, insights into the changes in the biofilm cell proteome and the extracellular
matrix of C. tropicalis in the presence of citral were obtained. One-dimensional polyacrylamide
gel electrophoresis (1D-PAGE), two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) and matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF/TOF-MS) were employed to identify the changes in the protein expression of C.
tropicalis in response to the sub-lethal concentration of citral. The results revealed citral-
induced proteins.of C. tropicalis biofilm. In 1D-PAGE, a total of six differential proteins,
involved in oxidative stress, amino acid biosynthesis, heme biosynthesis and glucose
metabolism pathways were detected. However, in 2D-PAGE, the differential expression of
proteome has revealed a total of twenty-five proteins in C. tropicalis biofilm which were
induced in the presence of citral. Among these, amino-acid biosynthesis (Met6p, Glnlp,
Pha2p); nucleotide biosynthesis (Xptlp); carbohydrate metabolism (Enolp, Fbalp, Gpmlp);
sterol biosynthesis (Mvd1p/ Erg19p, Hem13p); energy metabolism (Dnmlp, Coalp, Ndklp,
Atp2p, Atpdp, Htslp); oxidative-stress (Hda2p, Gre22p, Tsalp, Pst2p, Sod2p); and biofilm
specific (Adhlp, Apelp, Gsplp) proteins were identified. The overexpression of oxidative-
stress related proteins indicates the response of biofilm cell in combating oxidative-stress
during citral treatment. Moreover, the upregulation of Adh1l is of particular interest because it
subsidises the biofilm inhibition through ethanol production as a cellular response. The
augmented expression of Mvdl/ Ergl9 signifies the effect of citral on ergosterol biosynthesis.
The overall sugar and protein moieties were diminished in the treated extracellular matrix;
however, ergosterol and cell wall content e.g. hexosamine were relatively increased. Therefore,
it is clearly indicated that the cellular response towards citral acts through multifactorial

processes.
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Chapter 1
INTRODUCTION

Candida species are widely associated yeasts with humans in commensalism but turn
into opportunistic pathogens during the extensive use of broad-spectrum antibiotics and
suppression of the host immune system (Krasner, 2002). Candida occurs on the skin and
mucosal surfaces and in the genitourinary tract as well as the gastrointestinal tract (Sardi et al.,
2013). A majority of nosocomial infection is dedicated to Candida species worldwide with
more severity in immunocompromised patients (Low and Rotstein, 2011). Candida species
alone contributes to more than 70% of the hospital-acquired infections (Xess et al., 2007; Negri
et al., 2012; Pandey et al., 2012; Chander et al., 2013). Among all, Candida albicans is the
most common infection causing species in the genus Candida, however, non-albicans Candida
species are also on boom especially C. glabarata and C. tropicalis (Deorukhkar, Saini and
Mathew, 2014). C. tropicalis closely resembles C. albicans in taxonomy. Infections due to C.
tropicalis have increased dramatically on a global scale thus, proclaiming this organism to be
emerging pathogenic yeast with higher prevalence in the Asia-Pacific and Europe regions
(Kothavade et al., 2010; Sardi et al., 2013). Also, C. tropicalis is the most prevalent non-
albicans Candida species in tropical countries responsible for a high mortality rate due to
candidiasis and also significantly accountable for candidal bloodstream infections (Kothavade
et al., 2010; Tan et al., 2010; Chander et al., 2013). It is majorly responsible for 67- 90% of the
epidemiological nosocomial candidaemia among non-albicans Candida species in India (Negri
et al., 2012; Chander et al., 2013). The prevalence of C. tropicalis has been increased
drastically with a significant mortality rate as the host population is becoming

immunocompromised worldwide (Chakrabarti et al., 2015).

Most of the Candida infections are associated with the formation of biofilm on biotic
and abiotic surfaces (Crump and Collignon, 2000). C. tropicalis is capable of proper biofilm
formation resulting in frequent biofilm-producing species among non-albicans Candida species
(Tan et al., 2010; Tascini et al., 2018). Biofilm lifestyle of yeast cells represents a unique
phenotypic trait of the pathogenic species under stressful conditions. This life form is vastly
established as more resistant towards the antifungal agents and evades immune responses of the
host (Dominguez and Andes, 2017). Abiotic surfaces such as medical devices have also shown
the formation of biofilm by the Candida species (Andes, 2017). The detection of biofilm-

forming ability in Candida species is of utmost importance as these organisms not only



colonize medical devices but also lead to resistant healthcare-associated infections (Sardi et al.,
2013). Furthermore, in vivo studies of rat and rabbit also depicted the similar biofilm formation
on central venous catheter models (Nett and Andes, 2015). Components of the immune system
including neutrophils, macrophages, blood cells, and platelets were found embedded in in vivo
biofilm. As a consequence, researchers have now realised the fact that it is important to study
the biofilm communities rather than planktonic forms for the characterization of the infectious
potential of fungal pathogens. The ability of biofilm formation by C. tropicalis is majorly
responsible for its virulence, resistance and drug tolerance towards conventional antifungal
agents. C. tropicalis exhibits an intrinsic ability to form the biofilm on the biotic as well as
abiotic surfaces (Kothavade et al., 2010). The infected devices isolated from the patients have
revealed the formation of biofilm which seeds further recurrent infections (Lynch and
Robertson, 2008).

C. tropicalis biofilm has shown elevated resistance towards conventional drugs,
including fluconazole and amphotericin B as well as other antifungal agents (Harrison, Turner
and Ceri, 2007; Bergamo et al., 2015). Candida species have evolved numerous mechanisms;
including alteration of targets, reduction in uptake and active extrusion, in order to combat the
effects of standard antifungal drugs (Pfaller, 2012). The biofilm growth rate has also been
widely linked to the resistance in Candida biofilm towards antifungal agents. Additionally,
when the minimum inhibitory concentrations of conventional drugs including chlorohexidine,
fluconazole, amphotericin B and nystatin were compared during the Candida biofilm
development at early, intermediate and maturation phases, the progression of drug resistance
was observed in parallel association with the increased metabolic activity of the biofilm
(Cavalheiro and Teixeira, 2018). Therefore, the increased drug resistance is directly related to
the maturation process of biofilm rather than lower metabolic rate of the cells during biofilm
maturation. Interestingly, a subpopulation of cells with slower growth rate tends to confer
antifungal resistance in biofilm which is consisting of a heterogeneous cell population with
different growth rates (LaFleur, Kumamoto and Lewis, 2006). The morphological forms
exhibited by C. tropicalis are similar to those shown by C. albicans, despite this, only a few
studies have explored the importance of C. tropicalis morphology on virulence. Moreover, the
matrix material surrounding biofilm of C. albicans and C. tropicalis varies as former contains
carbohydrates, proteins, hexosamine, phosphorus, and uronic acid whereas later contains 27%
of hexosamine, low carbohydrate and proteins (Al-Fattani and Douglas, 2006). Since the two
species differ in genetic make-up, their proteome will differ and they must respond differently

in the biofilm formation during pathogenesis and towards antifungal agents used for their
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eradication. C. tropicalis holds higher antifungal traits due to the robust architecture of biofilm,
presence of extracellular matrix, decrement in metabolic activity, proteome difference and
presence of persister cells (Bizerra et al., 2008). One of the major factors dealt with antifungal
tolerance of C. tropicalis biofilm than its planktonic counterparts could be oxidative stress

tolerance in accordance with previous studies (Acker, Dijck and Coenye, 2014).

These emerging threats caused by non-albicans Candida species through resistance
towards conventional drugs have urged to identify new alternatives or modification of existing
antifungal agents to defy the dominant tendency of infection. In the era of the growing
resistance of fungal diseases especially Candida species, it is tempting to get new treatments to
defy biofilm resistance. The use of natural products is common from the earliest civilizations
and well-known for their antiseptic and medicinal properties (Bozovic et al., 2017). In recent
decades, the development of new bioactive compounds based on modified natural products is
suggestively considered to overcome the emerging resistance (Di Santo, 2010). One such
natural alternative could be essential oils, rich in terpenes which are widely recognized for their
antimicrobial properties including antifungal activity along with their explicit aroma (Nazzaro
et al., 2017). Various terpenes have demonstrated multiple modes of actions against planktonic
cells in Candida species. However, their effects on the biofilm formation and its eradication are
still in infancy. Numerous researches have documented the efficient antimicrobial activity of
these essential oils and terpenes when administered alone or in combination with other drugs
(Chouhan, Sharma and Guleria, 2017). Strong actions of citral and thymol have been defined in
several studies with C. albicans and other non-albicans Candida species (Marchese et al.,
2016; Baser, Demirci and Bueno, 2017; da Silva et al., 2017). Citral and thymol are generally
regarded as safe (GRAS) by the Food and Drug Administration for human consumption and
food additives (Food and Drug Administration 2015a; 2015b). Citral (3, 7-dimethyl-2, 6-
octadienal), a major component of the essential oil of Cymbopogon citratus (~ 75%), has
exhibited potent activity against Candida species (Taweechaisupapong et al., 2012; Leite et al.,
2015; da Silva et al., 2017). Whereas, thymol (2-isopropyl-5-methyl phenol) is present majorly
in thyme oil (Thymus vulgaris) possessing various pharmacological as well as antimicrobial

properties.

Since antifungal resistance is inevitable, it is crucial to get powerful insights into the
molecular mechanisms that govern the tolerance of drugs in order to hinder the resistance. An
understanding of the specific targets involved in a particular agent is critical in developing

novel and effective therapeutic strategies (Robbins, Caplan and Cowen, 2017). Recent reports



have shown well-defined activities of citral against a number of microorganisms and efforts are
made to study its mode of action. Also, many synergistic studies have reported that citral is a
potent inhibitor when used in combination with conventional drugs (Ortiz et al., 2010; Zore et
al., 2011). A critical area for further detailed studies appears to be the evaluation of the possible
molecular targets to develop alternative therapies against pathogenic infections. Moreover, the
development of more efficient citral derivatives is required in order to enhance its bioactive
potential. Only limited data is available on citral treated biofilm of C. tropicalis expressing the
differences in proteome with respect to the healthy biofilm (Chatrath et al., 2018). The
exploration of molecular mechanisms involved in certain drug resistance is highly required to

understand the differential regulation of specific proteins.

As discussed before, C. albicans is the predominant species; however, infections caused
by non-Candida albicans species are frequently alarming (Pfaller et al., 2011). These are of
major concern because they have also acquired resistance to antifungal therapies similar to C.
albicans (Cleveland et al., 2012; Pfaller et al., 2015). C. tropicalis is frequently observed to be
azole resistance under clinical studies. Azoles are the most commonly used broad-spectrum
drug against fungal infections (Pfaller et al., 2010). The azoles inhibit fungal cytochrome P-450
lanosterol 14-a-demethylase (Ergllp) protein, a key enzyme of the ergosterol biosynthetic
pathway, resulting in an altered fungal cell membrane. C. tropicalis isolates have shown azole
drug-tolerance, which are attributed due to the point mutations in Ergllp. The outpacing of
antifungal resistance compared to new drug development is pushing the human race towards
natural remedies such as terpenes. A previous study has shown that the mechanism of action of
citral does not involve the direct binding to the membrane ergosterol but it likely mediates
through the inhibition of ergosterol biosynthesis (Sousa et al., 2016).

“Hypothesis-free” system biology tools such as genomics, proteomics and
bioinformatics can be utilized to investigate the molecular machinery of the antifungal
resistance and drug development. The identification of the potential drug targets which are
frequently involved in essential signaling pathways is required to explore the molecular
mechanism of action which can be used for the development of the novel therapeutics and
optimization of the existing agents. The molecular mechanisms that govern the
pathophysiological phenomena could be understood by genomics and proteomics disciplines of
essential sciences. Recent findings in these areas have outlined the concept of mechanisms
followed by Candida biofilm. The studies on Candida biofilm at genomic levels have given
powerful insights into the mechanisms of biofilm formation. Furthermore, the changes in

proteome in association with the change in mutant virulence, drug response and serological
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response to candidiasis have confined largely to the cell wall analysis (Thomas et al., 2006;
Pitarch et al., 2007). The study of biofilm development, virulence, resistance and drug
tolerance using proteomics approach is still in its infancy. In the present study, the effect of
certain terpenes on the biofilm of C. tropicalis has been elaborated.

The overall thesis has been compiled with the following undertaken objectives:

e To study in vitro Candida tropicalis biofilm formation and its inhibition by
selected terpenes

e To decipher the probable mode of action of citral and thymol against Candida
tropicalis biofilm

e To ascertain in silico molecular modelling and docking analysis of lanosterol-
14-a-demethylase (Ergl1lp) from Candida tropicalis with citral

e To investigate the differentially expressed proteins and- variations in the

extracellular matrix of Candida tropicalis biofilm in response to citral






Chapter 2
REVIEW OF LITERATURE

As early as Hippocrates, Candida has been perhaps well encountered as an archetypal
opportunistic pathogen in human. Since very long, it has been isolated as harmless inhabitants
of various human body niches such as an oral cavity, vagina, skin and gastrointestinal tract of
healthy individuals (Suhr and Hallen-Adams, 2015). Candida mostly occurs on the skin and
mucosal surfaces and in the genitourinary tract and gastrointestinal tract (Sardi et al., 2013).
However, during certain circumstances, the infection due to Candida prevails ranging from
superficial skin or mucosal membrane to life-threatening deep-seated systemic infections (Tsui,
Kong and Jabra-Rizk, 2016). A majority of nosocomial infection is dedicated to Candida
species worldwide with more severity in immunocompromised patients (Low and Rotstein,
2011). The mortality rates due to candidiasis are arising and frequently reported to be as high as
40% to 60% in clinical settings (Pappas et al., 2018). Among all, Candida albicans is the most
common infection causing species in the genus Candida, however, non-albicans Candida
species are also on boom especially C. glabarata and C. tropicalis (Deorukhkar, Saini and
Mathew, 2014). The host’s immune status plays a vital role in the transition of Candida to an
opportunistic pathogen such as altercations with immunocompromised patients during
transplants, chemotherapy and disorders like HIV/ AIDS (Gupta and Gupta, 2017).
Furthermore, widespread infections of Candida have been observed in association with medical
devices including catheters, shunts, implants, pacemakers and tubes (Laverty, Gorman and
Gilmore, 2015). The high mortality rate has been observed among catheter-related vascular

infections (Muhammed, Kourkoumpetis and Mylonakis, 2018).

The major contributors of virulence such as biofilm formation in Candida which results
in its versatility to adapt in varying habitats are required to understand as a medical priority.
The structured ecosystem-of biofilm is profound in most microbes as natural habitat frequently
contributing around 65% of most microbial infections (Douglas, 2003). Biofilm, phenotypic
form, comprises microbial communities encapsulated inside extracellular matrix differing free-
floating counterparts (Dominguez and Andes, 2017). The eradication of Candida biofilm is
difficult due to its high resistance towards antifungal agents resulting in a must implant removal
to combat the spreading of infection (Lewis, 2005). Frequent economic and clinical
consequences associated with Candida biofilm instigate the recent research to focus on
prevention and management of biofilm. The emerging threats caused by C. albicans and non-



albicans Candida species have started to show resistance which urges to identify new
alternatives or modification of existing antifungal agents to defy the dominant tendency of

infection.
2.1 Candida tropicalis: a human pathogen

In 1910, C. tropicalis was first isolated and named as Oidium tropicale from a patient
suffering from fungal bronchitis (Castellani, 1912). The yeast belongs to Ascomycota and
reproduces asexually by budding. Several yeasts of order Saccromycetals are of medical
importance either in causing some disease or through drug production capabilities. The
appearance of C. tropicalis colonies is pale white to cream on Sabouraud’s dextrose agar with a
smooth texture and slightly wrinkled edges on prolonged growth. C. tropicalis has the
capabilities of assimilating as well as fermenting sugars such as sucrose, maltose, galactose and
trehalose using oxidative pathway (Kurtzman, Fell and Boekhout, 2011). Moreover, the yeast
cells of C. tropicalis have the ability to form biofilm which are determined to be virulent and
resistant towards various broad-spectrum drugs like azoles (Fanning and Mitchell, 2012).
Biofilms are formed by microorganisms which can adhere to the solid surfaces through various
internal machinery outcomes. Biofilms are structured 3D lifestyle which is comprised of three
fundamental steps for development: 1) attachment of the cells to the substratum facilitated by
cell wall proteins; 2) intermediate phase involves multiplication of the cells, and 3) maturation
of the cells and extracellular matrix production required for nutrients distribution and limited
diffusion of antifungals. The matured biofilm, which is a reservoir of cells surrounding matrix
is also considered having persister cells which remain dormant beneath the biofilm but are
capable of continuing infection if exposed (Douglas, 2003). The extracellular matrices vary
from species to species in genus Candida. The composition of C. tropicalis extracellular matrix
is distinct from that of other Candida species as it is comprised of fewer carbohydrates,
proteins and lipids but more hexosamine (Al-Fattani and Douglas, 2006).

These biofilms play an important role in microorganism survival which includes
protection from the external environment, drug resistance, metabolic cooperation, nutrient
distribution, genetic modification, persister cells to expand infection, and cell signaling
(Ramage et al., 2012). Microbial community formation results in alteration of gene expressions
and molecular mechanisms to overcome stress efficiently (Robbins, Caplan and Cowen, 2017).
Candida cells can also signal to each other in response to the external stimuli (Alonso-Monge
et al., 2009). This main mechanism of cellular communication is called quorum sensing and

mediates cell survival during adverse conditions (Albuquerque and Casadevall, 2012). The
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biofilm formation is a multistep process which depends on the cellular adhesion to form a basal
layer (Chandra et al., 2001). The growth of the biofilm is regulated by a number of genes such
as unscheduled meiotic gene expression (UMES), lanosterol 14-alpha-demethylase (ERG11),
biofilm and cell wall regulator 1 (BCR1), multidrug resistance (MDR1) etc. (Srivastava, Singla
and Dubey, 2018). Moreover, certain physiological alteration like phenotypic switching and
morphogenesis are also observed in strains of C. tropicalis (Moralez et al., 2016). Once the
biofilm milieu is established in C. tropicalis, it can evade a number of external stress,
environmental stimuli and drugs. The biofilm once matured contains persister cells to retain its
infection, individual cells are dispersed to expand the infection and extracellular matrix is
maintained for regular nourishment and environmental tolerance. Evidence has shown the
blood-stream dessimation of infection through biofilm formation is a frequent cause of
candidemia (Tumbarello et al., 2012). Also, the thick extracellular matrix of C. tropicalis
impairs oxygen and nutrient supply to the host cells resulting in lower metabolic activity and
certain cell death (Alnuaimi et al., 2013). Various episodes of biofilm production by C.
tropicalis have been reported in clinical investigations in recent years (Paiva et al., 2012;
Pannanusorn et al., 2013; Udayalaxmi and D’Souza, 2014). These high incidences of C.
tropicalis infections have attracted many researchers to combat antifungal resistance and

increase the survival of the patients.
2.1.1 Biofilm and its occurrence

The ability of biofilm formation also varies with differences in Candida species as
listed in Table 2.1. Generally, overall morphology, antifungal resistance and extracellular
matrix composition can differ in biofilm with species variation. Some researchers have
documented that C. albicans, C. krusei and C. dubliniensis biofilm shows confluences in
comparison to the other Candida species (Samaranayake et al., 2005; Parahitiyawa et al., 2006;
Ramage et al., 2009). Also, different strains belonging to the same species of Candida differ
dramatically in their biofilm-forming ability (Hawser and Douglas, 1994) indicating variations
in the strong or weak biofilm-forming ability of strains within same Candida species (Jin et al.,
2003; Thein, Samaranayake and Samaranayake, 2007). Wild- type strains of Candida are able

to form more healthy and confluent biofilm than reference strains of the laboratory.



Table 2.1 Characteristics of Candida species biofilm

Candida Growth of  Characteristics  Extracellular Drug References
species Biofilm of Biofilm Matrix Resistance
C. albicans  Very Good Basal Thick High (Hawser and Douglas,
blastospores; a 1994; Kuhn et al.,
mixture of yeast, 2002; Samaranayake
pseudo hyphae et al., 2005;
and hyphae; Parahitiyawa et al.,
multi-layered,; 2006; Uppuluri et al.,
thick 2010; Tumbarello et
extracellular al., 2012)
matrix rich in
polysaccharides
C. Good Cellular chains Thick High (Heffner and Franklin,
tropicalis of blastospores; 1978; Kuhn et al.,
thick 2002; Al-Fattani and
extracellular Douglas, 2006;
matrix with low Parahitiyawa et al.,
amounts of 2006; Tumbarello et
proteins and al., 2012)
carbohydrates
C. krusei Good Large Thick Very high  (Hawser and Douglas,
blastospores; 1994; Samaranayake
few et al., 2005;
pseudohyphae; Parahitiyawa et al.,
thick polymeric 2006; Pannanusorn,
extracellular Fernandez and
matrix Romling, 2013)
C. Average/ Aggregated Thin High (Hawser and Douglas,
parapsilosis Good blastospores in 1994; Kuhn et al.,
lesser amount 2002; Samaranayake
with variations et al., 2005; Uppuluri
in strains; thin et al., 2010; Taff, Nett
extracellular and Andes, 2012;
matrix with high Tumbarello et al.,
carbohydrates 2012)
and proteins
C. glabrata Average Only scant Thin ND (Hawser and Douglas,
blastospores; 1994; Kuhn et al.,
thin biofilm 2002; Parahitiyawa et
with a high al., 2006; Tumbarello
content of etal., 2012)
carbohydrates
and proteins
C. Average Chains of cells Thick High (Hawser and Douglas,
dubliniensis and filamentous 1994; Ramage,

form with
variations in
strains; multi-
layered; thin
extracellular
matrix

VandeWalle, et al.,
2001; Kuhn et al.,
2002; Taff, Nett and
Andes, 2012)
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Previously, a similar phenomenon was reported among the strains of C. albicans (Jin et
al., 2003). Differential abilities of biofilm formation have been also observed among C.
parapsilosis strains (Hawser and Douglas, 1994). Some recent researches have shown
remarkable biofilm activities of non-albicans Candida species when compared to C. albicans
species (Shin et al., 2002; Girish Kumar and Menon, 2006). Further, imminent research warns
to study emerging pathogens such as Candida species due to their rigorous biofilm-forming
ability. Various microscopic techniques including fluorescence microscopy, scanning electron
microscopy (SEM) and confocal laser scanning microscopy (CLSM) based observation of
Candida biofilm formation and structure have given an understanding of its microstructure.
The biofilm development is typically comprised of four consecutive steps: microorganism
adhesion to the surface; discrete microcolony formation; secretion of extracellular matrix and
maturation of three-dimensional structure; and dispersal of progeny biofilm cells (Figure 2.1).
Firstly, the adherence of free-floating Candida cells to the substratum takes place for 0.5t0 2 h
(Samaranayake and MacFarlane, 1981, 1990; Samaranayake et al., 1995). The adhesion of the
cells is primarily governed by non-specific interactions like hydrophobic and electrostatic
forces between the substratum and the free-floating cells (Samaranayake and MacFarlane,
1990; Donlan and Costerton, 2002). Furthermore, the release of specific adhesion molecules
such as agglutinin-like glycoproteins from cells facilitates stronger adhesion to the substratum
(Zhao et al., 2006). As soon as blastospores have adhered, a spatially complex sequenced
division is formed which leads to the aggregation of cells in a well-organized manner. The
nascent community cells undergo morphogenesis depending on certain factors including carbon
sources, species and substratum. For instance, Candida biofilm formation on catheter surfaces
have been extensively studied and described well with the above mentioned sequential steps
involving early phase characterizing adherence of blastospores and their development into
distinct microcolonies; intermediate phase contributing in bilayer structure formation of yeast,
pseudo-hyphae and hyphae along with secretion of extracellular matrix; and maturation phase
corresponding to the dense network of biofilm cells embedded within thick biofilm matrix layer
(Chandra and Mukherjee, 2015). Candida biofilms, in vivo, the formation also seem to follow a
similar sequence (Andes, 2017). Although, the thickness appears to be greater (up to 100 pm)
and faster maturation is depicted in these biofilms in comparison to the biofilm grown in vitro
ranging from 25 pum to 450 um (Chandra et al., 2001; Ramage, Vandewalle, et al., 2001; Andes
et al., 2004). The biofilm of Candida species is typically formed on flat, hydrophobic surfaces
distributing biphasic components i.e. a layer of blastospores adhered to the surface and
covering made up of sparse layer formed of hyphal elements embedded inside extracellular

matrix (Baillie and Douglas, 1999; Chandra et al., 2001). The multilayered structure of matured
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biofilm facilitates the diffusion of nutrients and waste disposal by specialized water channels

between yeast/ hyphal cells from the environment to the beneath layers (Ramage, Vandewalle,

etal., 2001).
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Figure 2.1 Schematic representation of C. tropicalis lifestyle

The SEM analysis of C. albicans biofilm has shown the formation of biofilm in
heterogeneous nature with a mixture of blastopores, hyphae and pseudo-hyphae embedding
inside an extra impervious extracellular matrix. The secretion of extracellular matrix by the
biofilm is a unique feature of its growth. Microorganisms are immobilized inside a three-
dimensional, highly hydrated, gel-like and locally charged environment formed by extracellular
matrix produced substances. Candida cell adhesion and biofilm formation are supposed to be
pivotally controlled by the biofilm extracellular matrix. Also, several special functions are
potentially served by this during biofilm growth including maintenance of biofilm integrity
through scaffold, phagocytic cell defence, limitation to active drug diffusion and/ or in a
combination of all of the above. In bacterial biofilms, primary matrix polymers are
exopolysaccharides. Likewise, nearly 40% carbohydrate forms the extracellular matrix of
Candida biofilm contributing as a major component with varying species (Hawser, Baillie and
Douglas, 1998; Al-Fattani and Douglas, 2006). For instance, C. albicans biofilm contains

39.6% of total carbohydrate content whereas, C. tropicalis biofilm is consist of only 3.3% of
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carbohydrates, however, the major component of its extracellular matrix was glucose (32.2%)
followed by hexosamine (27.4%). Furthermore, the protein composition was 5% and 3.3% in
C. albicans and C. tropicalis, respectively. Moreover, small amounts of other components such
as uronic acid, hexosamine and phosphorus are also found (Al-Fattani and Douglas, 2006). In
recent evidence, studies have suggested that even planktonic cell cultures grown under

laboratory conditions are also capable of secreting the biofilm extracellular matrix components.

Biofilm is composed of species-specific yeast blastospores, pseudohyphae, hyphae and
extracellular matrix however; the formation of hyphae does not show a uniform feature of
biofilm (Cavalheiro and Teixeira, 2018). The general steps of biofilm formation include: 1)
adhesion of the cells or spores or sporangia on to the surface of the substrate; 2) secretion of
adhesins proteins such as (agglutinin-like sequence (Alsp), hyphal wall protein 1 (Hwplp),
activator of CUP1 Expression (Ace2p), biofilm and cell wall regulator 1 (Bcrlp)) and hyphal
structures; 3) microcolonies formation and secretion of extracellular matrix forming a
monolayered structure; 4) formation of compact three-dimensional structure of the
microcolonies surrounding extracellular matrix and development of nutrient and water
channels; 5) maturation of the biofilm capable of cell spore formation and other survivor
structures; and 6) dispersal of yeast cells in the form of conidia or hyphal fragments to initiate
new infections. Filamentous fungi also secrete small proteins like hydrophobins usually
involved with the hyphal adhesion on the hydrophobic surfaces during the formation of biofilm
(Wdsten, 2001).

In vitro planktonic cultures shared a high degree of similarity between the protein
profiles of liquid supernatant and extracellular matrix of Candida (Thomas, Bachmann and
Lopez-Ribot, 2006). The Candida biofilm extracellular matrix production varies with the
factors including carbon source, species/ strains and the medium flow rate. Generally, within
favourable conditions, the copious extracellular matrix is produced by C. albicans in
comparison to C. glabarata which produces lesser matrix (Parahitiyawa et al., 2006). A large
amount of extracellular matrix is also formed by C. tropicalis biofilm (Al-Fattani and Douglas,
2006). Various studies on extracellular matrix production in the presence of different carbon
sources have provided mixed results. For example, some studies have shown a similar amount
of extracellular matrix production when Candida biofilm was grown in glucose or galactose as
carbon sources (Hawser, Baillie and Douglas, 1998), however, some have shown contrasting
results (Jin et al., 2004). Furthermore, C. albicans biofilm extracellular matrix production is

also affected by nutrients flow rate as extracellular matrix synthesis can be markedly increased
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with medium flow rate when compared to the static conditions (Hawser, Baillie and Douglas,
1998). However, extensive matrix formation was favoured by a higher flow rate (Al-Fattani
and Douglas, 2006).

2.1.2 Factors affecting biofilm formation

The biofilm formation in Candida is affected by many factors such as nutrients,
availability of oxygen, substratum, extracellular matrix, and presence of saliva and species
variations. Several abiotic surfaces used as model systems in vitro including catheter disks
made of silicone elastomer, polymethylmethacrylate, acrylic, glass, acrylic and plastic have
been employed to develop the biofilm of various Candida species (Hawser and Douglas, 1994;
Nikawa et al., 1996; Baillie and Douglas, 1999; Chandra et al., 2001; Jin et al., 2004).
Furthermore, biotic surfaces model such as engineered human oral mucosa has also been
considered as substrate (Mukherjee et al., 2014). The subsequent biofilm formation and cell
adhesion could be influenced by the physicochemical properties of the substrate. For example,
acrylic surfaces provide lesser adhesion to the Candida than the denture’s soft lining materials
(Radford, Challacombe and Walter, 1998). Similarly, Candida biofilms are also developed in
varying amounts on different materials of the catheters such as latex urinary catheters form the
most extensive biofilm followed by polyvinylchloride (PVC) than polyurethane (Hawser and
Douglas, 1994). Contrastingly, 100% pure silicone elastomer are significantly less capable of
biofilm formation, however, rough surface topology favours biofilm formation which is
minimized with the smoothest surface. The ability of C. albicans to form biofilm could be
changed by modifying the surface properties of biomaterials including surface contact angle
(Chandra et al., 2005). Also, the studies with different nutrients such as carbon sources and
their effects have produced conflicting results. Nikawa et al., (1997) have shown that a higher
degree of biofilm is formed by C. albicans in 50 mM glucose than 500 mM galactose, in
contrast, to reverse observation by Hawser and Douglas (1994) (Hawser and Douglas, 1994;
Nikawa et al., 1997). Moreover, other researchers have shown that the C. albicans biofilm
formation is favoured by glucose, lactose and fructose in comparison to that of maltose and
sucrose (Parahitiyawa et al., 2006). Also, the presence of surrounding body fluids including
serum and saliva in the body has shown a significant enhancement of biofilm formation by
Candida (Nikawa et al., 1997). On the other hand, one group has noticed that the biofilm
formation was not affected in the presence of salivary coating regardless of supplementation of
dietary sugar (Jin et al., 2004). The above two contrasting observations may occur due to the

difference in the quality of the saliva collected from the individuals, sample collection method
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or way of saliva applications as stressed previously in other comparative studies
(Samaranayake, Hughes and MacFarlane, 1984). However, it is conceivable that the serum and
saliva presence along with varying carbon sources in the environment acts in a complex manner

which modulated the biofilm formation by Candida.

Oxygen availability is also a major cause in biofilm formation which enables it to get
formed either anaerobically or aerobically. However, only limited studies have been found
focusing specifically on the biofilm formation by Candida under anaerobic conditions (Biswas
and Chaffin, 2005; Thein, Samaranayake and Samaranayake, 2007). A previous study has
demonstrated the formation of biofilm in anaerobic condition by Candida species (Thein,
Samaranayake and Samaranayake, 2007). In contrast to a previous study, where C. albicans
(SC-5314) has suggested inability of the biofilm formation in multi-layered structure within
strict anaerobic conditions when formed on plastic, denture material and poly-L-lysine coated
glass the study by Thein et al., (2007) have successfully formed biofilm in anaerobic conditions
using multiple Candida strains and species. Interestingly, non-albicans Candida species can
also form biofilms under anaerobic condition; however, in Candida, the rigorous anaerobic
conditions during sub-culturing step can preclude the ability of biofilm formation by the cells
(Biswas and Chaffin, 2005; Thein, Samaranayake and Samaranayake, 2007). Furthermore,
Candida growth within periodontal pockets and root canal systems leading to the polymicrobial
infections have shown to occur in anaerobic milieus (Reynaud et al., 2001; Siqueira Jr and Sen,
2004).

2.1.3 Biofilm virulence, pathogenesis and antifungal drug resistance

The biofilm formation by most of the fungal and bacterial species is often reported in
natural environments which are formed when the planktonic cell is transformed into sessile
variates (Donlan and Costerton, 2002). It is consist of sessile cells attached to the substratum
communicating well among them in the protection of the extracellular matrix (Chandki,
Banthia and Banthia, 2011). This biofilm was well studied majorly in bacteria and among some
of the fungi usually pathogenic such as Candida sp., Cryptococcus sp. and Aspergillus sp.
(Fanning and Mitchell, 2012). The gene expression profiling of C. albicans and A. fumigatus,
when compared in yeast and biofilm form, revealed the biofilm formation as a highly regulated
process implementing increased resistance and persistence of infections under the external
environment. In the medical field, the biofilm formation has particular importance because of
its capability to get adhered to the medical devices like catheters as well as on the mucosal and
skin surfaces. The acquired infection through the biofilm is usually recurrent and dispersal of
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cells could get access to the blood circulation where it can reach to the internal organs causing
deep-seated pathogenesis leading to a high mortality rate (Rabin et al., 2015). The biofilm
structure complexity, the presence of extracellular matrix, metabolic heterogeneity and
upregulation of specific efflux pumps contributes to the increased resistance in these
communities (Ramage et al., 2012). Additionally, other contributing factors include surface
contact, quorum-sensing molecules and nutrients. Various factors have been held responsible
for the increased antifungal resistance in Candida biofilm. These include the presence of
persister cells, secretion of the extracellular matrix, altered growth/ metabolic rate of biofilm
cells and increased expressions of resistant genes. The biofilm drug resistance is associated
with the binding of the drug to the extracellular matrix and persister cells production
representing about a fraction of the total cell population upholding metabolic heterogeneity
(Lewis, 2010).

Both planktonic cells and biofilm are phenotypic as well as genotypic variants. For
instance, more than 3000 differentially regulated genes of various pathways were observed in
these two forms (Cromie et al., 2017). These genes were either associated with antifungal
resistance or upregulated secondary metabolic pathways (Calvo et al., 2002). The studies on the
biofilm formation of both non-mating, a/a, and mating cells, a/a and o/a, have revealed a
pheromone related signaling pathway in C. albicans responsible for nosocomial infections in
human. Morphologically similar biofilm of C. albicans appears in alternative forms exhibiting
significantly different characteristics depending upon the configuration of the mating-type
locus (a/a versus a/a or o/a)) which regulates distinct signal transduction pathways. The biofilm
made of a/a cells is impermeable to the molecules of size range 300Da to 140kDa depicting
resistance to the antifungal agents. In contrast, the a/a or o/a cells forming biofilm are
permeable to the molecules of above-mentioned range and therefore showing sensitivity to the
antifungals and also penetrated by host defence cells. C. albicans cells must go through a
transition from white cell to the opaque cell type in order to mate. a/a opaque cells induce a
mating response pheromone released upon switching. The release of pheromone also induces
mating-incompetent a/a white cells to develop adhesive phenotype which leads to the biofilm
formation and mating (Daniels et al., 2006). Therefore, Candida is of major concern due to its
capability to adapt phenotypically inside biofilm reforming the status of drug development in
order to combat the infection caused keeping in view the undesirable effects of these molecules
in human (Silva et al., 2017).
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2.1.3.1 Biofilm resistance towards conventional drugs

Hawser and Douglas (1995) have first demonstrated the increased antifungal resistance
in Candida biofilm mode of growth. Candida biofilm is more resistant (up to 30 to 2000 times)
than the planktonic counterparts against antifungal agents such as fluconazole, ketoconazole,
itraconazole and amphotericin B (Hawser and Douglas, 1995). Subsequently, more researchers
have confirmed the aforementioned observations (Chandra et al., 2001; Ramage, Wickes and
Lopez-Ribot, 2001; Kuhn et al., 2002; Serefko, Chudzik and Malm, 2006; Jain et al., 2007).
The study on resistance against fluconazole is of particular interest as it is frequently used for
the patients suffering from HIV/ AIDS. In vitro, Candida biofilm resistance against fluconazole
ranges from 250 to 400 times more in comparison to that of planktonic cells (Chandra et al.,
2001; Ramage, Wickes and Lopez-Ribot, 2001). Fluconazole resistance has also been observed
during in vivo Candida biofilm formation, where the minimum inhibitory concentration was
found to be increased as high as 128 times to that of planktonic cells (Chandra et al., 2001,
Andes et al., 2004). To overcome the clinical burden of biofilm resistance, newer antifungal
agents including the liposomal formulation of amphotericin B and echinocandins have been
developed and emerged as possible hope. However, more studies are required to define the
particular effectiveness of these alternatives against Candida biofilm (Bachmann et al., 2002;
Kuhn et al., 2002).

The major targets of abovementioned antifungal agents are cell wall or cell membrane.
Azole targets the enzyme cytochrome dependent lanosterol-14-a-demethylase (Ergl1lp) which
is involved in the ergosterol biosynthetic pathway. Ergosterol is found in the cell membrane
and majorly responsible for the fluidity and integrity of the membrane as well as nutrient
transport and chitin synthesis (Lupetti et al., 2002). The resistance to azoles is attained through
various factors such as efflux pumps or multidrug transporters and amino acid substitution on
Ergll protein (Sanglard, Coste and Ferrari, 2009). Despite all these resistance, azoles are the
third most commonly used drug in therapeutics (Sanglard, 2016). The impairment of ergosterol
biosynthetic pathway results in porous plasma membranes which results in osmotic imbalance

and rapid collapse of the cell (Georgopapadakou and Walsh, 1994).

Amphotericin resistance is also seen in C. tropicalis isolates with altered ergosterol
binding on the cell membrane. The mutant product of ergosterol inhibits the binding of
amphotericin B to the ergosterol. Generation of oxygen species is also evident part of the
fungicidal mechanism of action of some antifungals including amphotericin B (Mesa-Arango et

al., 2014). Moreover, the frequent use of amphotericin B in patients has also resulted in
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immunosuppression (Ullmann et al., 2006). Multi-drug resistance between azoles and
amphotericin B is acquired due to concomitant mutations in the encoding sterol 14a-
demethylase (ERG11) and encoding C22 desaturase (ERG5) genes (Martel et al., 2010).

Another class of antifungals echinocandins is increasingly used during invasive
Candida infections targeting fungal cell wall through locking -1, 3-D-glucan synthase and has
proved effective drug against C. tropicalis with the lowest number of resistant strains (Perlin,
2011). However, the dosage required in these cases was limiting the use and thus, making it of
lesser practice. Echinocandins target glucan synthetase which includes biosynthesis of -1, 3-
D-glucan (Onishi et al., 2000). C. tropicalis were found less susceptible to echinocandin due to
mutant 1, 3-beta-glucan synthase (FKS) genes and adaptation towards the stress. Moreover, the
cell wall of the fungus is a dynamic structure and adapts compensatory mechanism over
inhibited components by producing alternatives. Chen et al., (2011) have also established the
role of calcineurin, a phosphatase which combats the stress of the cell wall through chitin
synthesis (Chen et al., 2011). The thickening of the chitin layer of the fungal cell wall in C.

tropicalis is a response of calcineurin during micafungin stress.
2.1.3.2 Resistance due to extracellular matrix

The extracellular matrix, as a physical barrier, contributes to enhanced drug resistance
in the biofilm community by preventing antimicrobial access to the embedding cells. The
physicochemical properties of drug as well as the nature and amount of extracellular matrix are
largely responsible for the hindrance of antimicrobial to reach the biofilm cells. Moreover, the
enzymes present within the extracellular matrix of bacterial biofilm can also digest the drugs.
The role of Candida biofilm extracellular matrix in drug resistance is still unclear. For instance,
the C. albicans biofilm showed increased resistance to amphotericin B as the matrix synthesis
was stimulated to enhance when grown under constant liquid flow (Al-Fattani and Douglas,
2006). Also, the survival rate of Candida biofilm cells was reduced to 20% on extracellular

matrix removal in the presence of amphotericin B (Baillie and Douglas, 1999).

Once the antifungal agents have been administered to the C. tropicalis biofilm for
treatment, it could have few fates (Figure 2.2). Firstly, the drug could not penetrate the
extracellular matrix and remains ineffective at a very early stage. The drugs with larger
molecular weight could tend to suffer no penetration at all. However, the agent with moderate
size could get inside the extracellular matrix but gets trapped inside the polymeric components.
This could also be the fate of more reactive molecules which may get consumed with the
components of the extracellular matrix therefore, gets deficit for treatment. Further, if the
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antifungal agent has reached the cell it could encounter with the resistant nature of the biofilm
cell due to the altered nature of the cell wall and cell membrane of cells. Lastly, the ability of a
cell to survive certain dosage of antifungal drugs comes into play. The altercations of biofilm
cell proteome results in a significant rise in drug tolerance which leads to the higher dosage

requirements and therapeutic failures.

On the contrary, Al-Fattani and Douglas (2004) have reported that the poor penetration
of drugs within the extracellular matrix does not seem to solely contribute to antifungal drug
resistance (Al-Fattani and Douglas, 2004). Similarly, other researchers have shown that static
biofilm development exhibits the same level of antifungal drug resistance against fluconazole,
amphotericin B and flucytosine as that of cells grown with a larger amount of extracellular
matrix in the shaker (Baillie and Douglas, 2000). This field of research certainly gives a
promising future for clinical implications of extracellular matrix and its components as

potential drug targets.

Antifungal agent *

/CO >

Extra-cellular matrix

Figure 2.2 Fate of antifungal agents during C. tropicalis biofilm treatment
2.1.3.3 Drug resistance of biofilm at the cellular level

The molecular mechanisms of antifungal resistance in the biofilm of Candida have not
been fully decoded. Some studies have described the involvement of major drug efflux pumps
and ATP-binding cassette in increased azole drug resistance. However, the efflux pumps
contribute only during the early phase of Candida biofilm development, whereas, membrane
sterol contributes during intermediate and latter stages to the azole resistance (Mukherjee et al.,
2003). The upregulation of candida drug resistance 1 (CDR1), candida drug resistance 2
(CDR2) and multidrug resistance 1 (MDR1) genes seem to be responsible for azole drug
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resistance during Candida biofilm development. Remarkably, the deletion of these three genes
does not affect the high-level drug resistance of the matured biofilm of Candida (Mukherjee et
al., 2003). Garcia-Sanchez et al. (2004), by employing microarray analysis, have demonstrated
that the expression of CDR and MDR genes is early phase-specific while contributing to the
azole resistance, whereas, sterol composition change is involved in azole resistance during
maturation phase (Garcia-Sanchez et al., 2004). Conversely, research involving in vivo biofilm
model have demonstrated the results differently, such as the significant upregulation of CDR1
and CDR2 during biofilm development than planktonic counterparts, whereas, the expression
of MDR1 and ERG11 genes were found similar in both the planktonic and biofilm cells (Andes
et al., 2004). Furthermore, both in vivo and in vitro genome-wide expression analysis are
required to explore sophisticatedly the specific roles of genes involved in antifungal resistance
of Candida biofilm.

2.1.3.4 Role of persister cells in biofilm resistance

The persister cells which are not the mutants but the phenotypic variants of wild type
cells can survive the antibiotics at higher concentrations of minimum inhibitory concentration
(MIC) (Keren, Kaldalu, et al., 2004). The dormant persister cells of Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus accounting only 1% of the total
population in a bacterial biofilm are observed to be responsible for multidrug tolerance (Keren,
Kaldalu, et al., 2004; Keren, Shah, et al., 2004). Similarly, in Candida biofilm, a subpopulation
of cells has been observed to be highly tolerant against antifungal agents who are not seen in
planktonic counterparts (LaFleur, Kumamoto and Lewis, 2006). Candida biofilm also exhibits
a biphasic killing pattern where susceptible subpopulation was died in the presence of
antifungals, however, surviving persister cells showed multidrug resistance. Further,
reinoculating those surviving cells was able to produce viable biofilm with a newer
subpopulation of persister cells which confirmed them to be the heritable wildtype variants of

genotypes. More research is required to study this intriguing phenomenon in biofilm biology.

2.1.3.5 Effect of metal ions on biofilm

Interestingly, the search for the role of these metal ions on biofilm modulation in
Candida species could give essential insights on biofilm formation (Harrison et al., 2006;
Harrison, Turner and Ceri, 2007). For instance, C. tropicalis biofilm was reported to be 65
times more resistant than their planktonic counterparts when treated with metal ions (Harrison
et al., 2006). Among most heavy metals with tested toxicity, metal ions such as Hg**, Cu®* or
CrO,** at very higher concentrations could only kill Candida cells that are adhered to the
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surface. Harrison et al. (2007) have also extended their studies on the examination of the metal
ions role over its resistance, drug and cell type interconversion in Candida biofilm grown on
microtiter plates with metal ions gradient arrays (Harrison, Turner and Ceri, 2007). Certain
metal ions such as (Co*, Zn**, Cu*, Hg*", CrO,**, Ag", Cd*", AsO**, SeOs** and Pb?*) have
identified to block or trigger the transition between yeast and hyphal cell types at many sub-
inhibitory concentrations. Therefore, on the exposure of metal ions to the Candida biofilm, the
structure of biofilm tends to vary as a layer cake, domed, mycelial or flat as described by the
authors. Hence, these studies highlight the metal ions function to modulate the spatial structure
and morphogenesis of the Candida biofilm. The authors have postulated that the drug
resistance which develops parallel with the biofilm maturation due to multiple cellular
morphogenesis could alter the susceptibility against antifungal defences in the presence of
metal ions. However, detailed research is again needed in this field.

2.2 Natural compounds and their antimicrobial activities

The production of a significant number of compounds from plants mainly comprises of
essential oils. Essential oils are usually the plant-derived complex mixture of both polar and
non-polar natural compounds. These are used commonly ever since from the earliest
civilization in various parts of the world and has given circumstantial insights to defend oneself
from threats in the environment. The potentials of compounds obtained from natural sources
are known to possess antimicrobial properties against a wide range of foodborne pathogens
(Gyawali and Ibrahim, 2014). The current outpacing drug resistance from the standard
antibiotics has given the alarm to recondition the remedies from the past that could save our
future. Therefore, the recent development of essential oils for their holistic as well as an
alternative use for antimicrobial purposes has led the investigators to elucidate their precise
mechanism of action. These compounds alone or in combination may vary in potency and
spectrum of antimicrobial activity. During synergy, the essential oils combat a wide range of
microbes through multiple targets. Other artificially designed antimicrobial cationic peptides
have also shown fungicidal effect against C. albicans through multiple targets including cell
wall structure disruption and compromised cell membrane permeability which leads to high
ROS accumulation, eased entry into the cells and apoptosis induction (Maurya et al., 2013).

Furthermore, the use of essential oils in many cultures is profound all around the world.
The essential oil was the term given by a Swiss medicine reformer, Paracelsus von Hohenheim,
in the 16™ century. Previously, called as aromatic oils their uses have been cultural as well as

religious for healing purposes. Although the exact notable existence of essential oils is hard to
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recognize, however, the cave paintings found in Lascaux located near Dordogne in France has
suggested uses of plants for healing purposes in everyday life. This earliest evidence of human
knowledge has been carbon-dated far back to 18,000 BC. Ayurveda derived from “Ayur”
meaning life and “Veda” meaning knowledge, is the best known traditional Indian medicine
which incorporates the use of essential oils as remedial potions with a history of approx. 3000
years. The Vedic literature has listed various compounds such as sandalwood, ginger, turmeric,
etc. documenting a total of more than 700 herbs as good healing materials with usage in
perfumery and other therapeutic purposes.

Several researchers are involved to identify and isolate compounds of natural origin
which are safe and less toxic with potent antifungal activity against pathogenic fungi (Liu et al.,
2017). Various plant parts including leaves, stems, roots and seeds are explored to find
biologically active components with emphasis on the antifungal action for fighting infections
alone or in synergy with other drugs (Wagner, 2011). Essential oils of plant origin are of wide-
spectrum use with eminent qualities of multifunctional applications including antimicrobial
properties in traditional medicine and aromatherapy. Essential oils constitute monoterpenes that
give characteristic aromas and flavours extensively used in food, cosmetics, fragrance and
pharmaceuticals. Since ancient times, various plants are employed in treating infections without
certain knowledge of microorganisms. Although medicinal plants are still in use and have wide
applications in remote areas with effective antimicrobial activity, extensive investigation on the
components of these plant extracts and their components are on the boom to dig for effective

medications from natural resources.

A number of researchers are dedicated towards isolation and characterizations of these
essential oils and their administration through modern means. Extensive studies are employed
to check the in vitro effects of pure essential oils against microorganisms and clinical studies to
find out undesirable side effects like allergies. Also, the extraction, purification and storage of
these volatile compounds are extremely necessary. Volatile properties of these components can
be exploited in clinical studies to administer these oils as drugs and combat emerging resistance
of microbes against conventional drugs. Essential oils are found effective many times against
the drug-resistant strains of various bacteria and fungus. However, not much of essential oils
are recommended or studied for clinical administration. Therefore, it is of the utmost need to

elaborate on the administration of such oils in diseased conditions.
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2.2.1 Characteristics of essential oils and terpene molecules

Essential oils are highly lipophilic in nature and have a low molecular weight which may
correspond to its antifungal properties making it capable to disrupt the cell membrane resulting
in cell death or inhibiting germination and sporulation of fungi. Additionally, only partial
success is attained upon small molecules acting as effective antifungals due to the chemical
reaction of these with the extracellular biofilm matrix restricting their penetration. For instance,
in bacteria, the increase in the resistant properties towards antimicrobial agents due to biofilm
formation and production of extracellular matrices implemented a search of new naturally
plant-derived therapeutic alternatives including essential oils.

Essential oils synthesizing aromatic plants have to protect themselves from secreting
terpenes ‘that could damage the architecture of living biological cellular membrane. The
evolution has made such aromatic plants to survive in the presence of these terpenes by
following certain mechanisms. For instance, only the epidermal cells, or to be precise the
epidermal oil glandular cells are the primary site for the biosynthesis of monoterpenes in
Majorana hortensis Moench (Croteau, 1977). Furthermore, the glycoside bound monoterpenes
are reported to exist, in several, Lamiaceae members (Merks and Svendsen, 1989). The careful
examination of the glycosides of terpenes could report in different behaviour with respect to the
cellular toxicity. Also, free terpene molecules have shown a toxic effect on the cell membranes
of the bacteria, and the plant chloroplasts (Knobloch, Weis and Weigand, 1986; Knobloch et
al., 1989; Di Pasqua et al., 2007). Not surprisingly, the terpenes have established toxicity to the
plant cell cultures (Brown, Hegarty and Charlwood, 1987).

The survival and development of aromatic plants are evolutionarily permitted by the
arrangement of essential oil glands which were isolated from the surrounding living plant
parenchyma as depicted by various historical anatomical drawings similar to the morphological
essential oil glands details over the plant leaf surface. The exposed oil glands are able to
damage the surrounding plants through evaporation of terpenoid molecules, a phenomenon
termed as “Allelopathy” (Rice, 1987). In conifers, the pollutants from the atmosphere may
cause leakage of the well-separated endogenous terpenes from needles which can further
damage the cellular organelles (\Vollbrecht et al., 1987). Some heterotrophic bacterial strains
have been isolated with the ability of growth in limonene using it as the only carbon source
(Kokkini and Papageorgiou, 1987). Furthermore, it was assumed that such microorganisms
could decay these terpenes into lesser or non-toxic smaller components which can be used as

building blocks of carbon by using extracellular enzymes.
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2.2.2 Antimicrobial activities of essential oils and terpenes

Essential oils temper the growth of microorganisms and biofilm development similar to
other phytochemicals employing specific mechanisms of actions (Hyldgaard, Mygind and
Meyer, 2012). Although, microorganism grow to a certain threshold value causing
pathogenesis, however, several mechanisms of action also trigger cell signaling, biofilm and
other pathogenic parameter development and production of specific molecules. Food and Drugs
Administration (FDA) have classified essential oils as generally recognized as safe (GRAS)
due to their plant origin and are considered less harmful than synthetic products to the
consumers (Smith et al., 2005). The three groups namely, alcohol, aldehyde and phenol
comprising effective terpenes with documented antimicrobial activities against bacteria and
some fungal species were selected on the basis of the literature survey to elaborate their effects
against C. tropicalis biofilm. The terpenes used in the present studies have been enlisted in
Table 2.2.

The research which includes the discovery of new and effective natural products is
devoted to obtaining good antimicrobial activity with low toxicity. The examination of these
essential oils against biofilm is encouraged as the use of naturally occurring small molecules
are less likely to develop any resistant phenotype due to multifactorial targets and are greatly
supported being safer alternatives (Chung and Toh, 2014). Tea tree oil has also shown a
significant effect as antifungal and antimicrobial agents (Hammer, Carson and Riley, 2004).
Also, the natural bioactive precursor analogues such as carvacrol derived were designed and
represented significant biofilm inhibition of S. pneumoniae and E. coli biofilm (Aneja et al.,
2018). Essential oils by far have shown great effects during treatment of mixed biofilm
including both bacteria and fungi usually encountered on the occurrence of chronic infections
(Pekmezovic et al., 2016).

Essential oils and their components such as terpenes which could not be administered
orally have an important issue of safety. However, the topical use of carvacrol (a component of
Origanum oil) and eugenol (a component of Syzygium oil) have demonstrated safety in in vivo
treatment of oral and vaginal candidiasis in rats (Chami et al., 2004, 2005). The toxicity of
essential oils is distinctly reliable on the concentration and form of their application (Hammer
et al., 2006). A very low irritant capacity has been reported in tested 5% and 25% concentration
of tea tree oil ointment, cream and gel formulations, when tested with a patch of 10% tea tree
oil in patients (Aspres and Freeman, 2003; Veien, Rosner and Skovgaard, 2004). Moreover, the

contact allergy reactions and irritation could be avoided by using lower concentrations of the
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agent, thus, the use of essential oils at 100% concentrations are not recommended (Hammer et
al., 2006).

Table 2.2 Selected terpenes with documented antimicrobial effects

S.No. Components Origin Activities References
ALCOHOL
1. Geraniol Rosa Synergistic/ antagonistic ~ (Lee et al., 2008)
(Ramage et al., 2002;
((j:aerlrllagemembrane/ wall Chen_ et al, 2013
Efflux pump inhibition Hgsaln et aI.,_ 2015;
2. Menthol Mentha o Friedman, Henika and
Biofilm inhibition
Anti-quorum sensing Mandrell, 2016;
Mycotoxin production Bound, Murthy - and
Srinivas, 2016)
ALDEHYDE
(Chang, Chen and
Antifungal effect Chang, 2001; Ramage
Cell membrane/ wall et al., 2002; Usta et
damage al., 2003; LaFleur,
) Synergistic/  antagonistic  Kumamoto and Lewis,
= Citrig Cymbopogon  giofiim inhibition 2006: Sharma and
Mycotoxin production Tripathi, 2008; Vieira
et al., 2009; Friedman,
Henika and Mandrell,
2016)
(Ramage et al., 2002;
Pina-Vaz et al., 2004;
LaFleur,  Kumamoto
(Cj::r:agemembrane/ wall and  Lewis, 2006:
. ] Efflux pump inhibition Ahgpa oL al. 20?1;
4, Cinnamaldehyde  Cinnamomum ] ; ! Belenky and Collins
Action on mitochondria i
Mycotoxin production 2911; Kavoos! and da
Silva, 2012; Chen et
al., 2013; Cotoras et
al., 2013; Freires et
al., 2014)
PHENOL
Antifungal effect (Dorman and Deans,
Cell membrane/ wall 2000; Pina-Vaz et al.,
damage 2004; Hammer et al.,
Change in cell growth and 2006; LaFleur,
. morphology Kumamoto and Lewis,
> Carvacrol Origanum Efflux pump inhibition ~ 2006; Kohanski et al.,
Action on mitochondria 2007; Wu et al., 2008;
Mycotoxin production Lee et al, 2008;
Synergistic/ antagonistic Gusarov et al., 2009;
Anti-quorum sensing Rammanee and
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Hongpattarakere,
2011; Kong et al.,
2012; Chen et al.,
2013; Nazzaro et al.,
2013; Rajput and
Karuppayil, 2013;
Burt et al, 2014
Noberga et al., 2016;
Haque et al., 2016;
Ghalem, 2017,
Requena, Vargas and
Chiralt, 2019)

Antifungal effect

Cell  membrane/ wall
damage

Synergistic/  antagonistic

(Hammer, Carson and
Riley, 2004; Vieira et
al., 2009; Shreaz et

6 Eugenol Syzygium e g al., 2010; Belenky and
Mycotoxin production CaMlins 2011;
Friedman, Henika and
Mandrell, 2016)
(Dorman and Deans,
Antifungal effect 2000; Ramage et al.,
Cell membrane/ wall 2002 Hammer,
damage Carson and Riley,
Change in cell growth and 2004; Wu et al., 2008;
morphology Lee et al, 2008;
7. Thymol Thymus Efflux pump inhibition ~Vieira et al., 2009;

ROS production
Synergistic/  antagonistic

Mycotoxin production

Kong et al, 2012;
Chen et al., 2013;
Rajput and
Karuppayil, 2013;
Tolba et al., 2015;
Noberga et al., 2016;
Nazzaro et al., 2017)

2.2.3 Effect of essential oils against Candida species

activity against C. albicans (Thaweboon and Thaweboon, 2009). Eugenol demonstrated higher
antibiofilm activity against the sessile cells of C. albicans with MICs, to be 500mg/mL which

is two folds higher in comparison to the 48h grown yeast cells (He et al., 2007). Furthermore,

(SEM) imaging illustrated the damage to the constituents of the biofilm with the bare diffusion
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Essential oils extracted from Ocimum americanum have shown good antibiofilm

the ultrastructure of the biofilm when observed through Scanning Electronic Micrograph

of the eucalyptus and peppermint oil exerting a metabolic interference (Hossain et al., 2016).




The antibiofilm activity is assigned to some of the active components of these essential oils
such as linalool, geranial, menthol, eugenol, 1,8-cineole, limonene etc. which reduces the
development of biofilm. A study on the antifungal activities of eucalyptus, clove, peppermint
and ginger grass has demonstrated potent inhibition of C. albicans and its biofilm. Also,
eucalyptus oil exhibited potentially higher activity compared to fluconazole (Agarwal, Lal and
Pruthi, 2010). Likewise, the essential oils of Rosmarinus officinalis on the coating with
nanoparticles strongly inhibit the adherence and development of biofilm on the catheter by C.
albicans and C. tropicalis (Chifiriuc et al., 2012). Certainly, the effective concentrations of
essential oils overlap the toxicity range to the mammalian cells, therefore, essential oils are
considered low at the level of environment and health. The development of essential oils as free
or with the coating is of great interest in biomedicine especially in the area of human
pathogenesis such as candidiasis due to frequent emergence of antifungal resistance opening
new directions in drug designing with effective antifungal as well as antibiofilm properties.
Essential oils of Cymbopogon citratus and Syzygium aromaticum are reported with efficient
antibiofilm activity against some drug-resistant strains of C. albicans (Khan and Ahmad, 2012).
The microscopic studies on the 3D biofilm structure by using light and scanning electron
microscope has confirmed the deformities on the surface topology in the presence of sub-MICs
indicating damage to the cell membrane. Few studies have employed the atomic force
microscopy (AFM) to visualize the biofilm morphology on solid surfaces including both
hydrated and dehydrated states. These researchers have demonstrated the effectiveness of the
antifungal agents causing morphological changes in the structure of the biofilm in comparison
to the yeast counterparts.

Laurus nobilis essential oil demonstrated antifungal properties by inhibiting biofilm
adhesion and formation in Candida species (Peixoto et al., 2017). The increase in MIC value in
the presence of sorbitol, an osmotic protector, suggested its mode of inhibition at the level of
the cell wall. The affinity of essential oil towards ergosterol confirmed its involvement in
alteration of the cell membrane and ion permeability showing similarity with conventional
polyenes such as nystatin. Additionally, the adherence inhibition of essential oil was also
observed at a concentration of 1000mg/mL targeting the earlier disruption of biofilm formation

which results in an early cure of infection due to Candida species (Trindade et al., 2015).

Myrtus communis essential oil has inhibited the adherence and formation of biofilm
among clinically isolated species of Candida including C. albicans, C. parasilosis and C.
tropicalis (Cannas et al., 2014). Therefore, the search for new compounds is necessary to

overcome the adverse effects of increased resistance against available antifungal therapies.
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However, the boost in research improving antimicrobial therapies is an utmost requirement to

generate new and cheap drugs against candidiasis.

A study has documented the action of formyl-phloroglucinol meroterpenoids such as
eucarobustol E against Candida biofilm cells by blocking the transition of yeast cells into
hypha and reduction in cell surface hydrophobicity which hinders ultimate adhesion of the cells
on the abiotic surface (Liu et al., 2017). Moreover, the expression of genes regulating hyphal
growth including EFG1, UME6, TEC1, CPH1, HGC1, and EED1 was downregulated,
however, genes related to ergosterol biosynthesis as well as farnesol synthesis were

upregulated.
2.2.4 Mechanism of action of essential oils and terpenes

Fungal infections are difficult to combat in comparison to the bacterial infections as the
causal organism are itself eukaryotic organisms making it difficult for therapeutic treatment.
One interesting feature to consider is the unique chitinous cell wall of fungus which may be
exploited as the specific primary target of toxic agents due to its absence in human cells. The
development of intrinsically resistant strain and species could develop effective large-scale
chemical treatments. The major concern of fungal pathogens includes its onset and severity
which depends on the inoculum, resistance and immunological condition of the host. Essential
oils and its components are considered as the most promising fungal inhibitor of natural origin
(Kalemba and Kunicka, 2003). Various essential oils obtained from a number of plants and
herbs possess intense antifungal properties (Lang, Buchbauer and Journal, 2012).

A number of studies have suggested that the essential oils and its components could act in
synergistic as well as antagonistic manner (Stevi¢ et al., 2014). The increase in fungistatic
activity when used in combination has more advantages as pathogens are not capable to acquire
resistance against multiple essential oils that easy. Phenolic terpenes act as antifungal agents
due to the presence of functional hydroxyl group in them. Thymol and carvacrol interact with
ergosterol, a major component of the cell membrane and alters the integrity of the membrane
subsequently damaging the cell. Carvacrol has shown strong antifungal activities when tested
alone. The antifungal activity of carvacrol plausibly corresponds to its binding to the sterol of
the cell membrane thus damaging the integrity of the membrane which is lethal (Chavan and
Tupe, 2014). Structurally similar thymol also interacts with the sterol components of the cell
membrane through binding even with different location of the hydroxyl group unlike eugenol
(Ultee, Bennik and Moezelaar, 2002). Thymol also affects the morphology of mycelium by
changing the localization of chitin in the hyphae. Similarly, linalool also interferes with the
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stability of the fungus along with the formation of the biofilm. Essential oils can inhibit more
than one parameter of cell survival acting synergistically. The sesquiterpene hydrocarbons and
its oxygenated derivatives exhibit high efficiency with low drug resistance in the fungus in
comparison to the whole essential oils (Hyldgaard, Mygind and Meyer, 2012). Certain
deoxyglucosides of citronellal, borneol, carvacrol, fenchol, menthol, thymol and S-(-)-perillyl
alcohol does exhibit remarkable antifungal properties against Aspergillus flavus, A. ochraceus
and Fusarium oxysporum (Bound, Murthy and Srinivas, 2016). Citronellal deteriorates the cell
membrane of the spore releasing cellular contents due to high extracellular conductivity in
Penicillium digitatum when studied in vivo (Wu, OuYang and Tao, 2016).

2.2.4.1 Effect on the cell wall and cell membrane

The growth and viability of fungi rely on the cell wall which consists of three major
structural elements including chitin, glucan, and mannan, usually considered as drug targets.
Chitin is synthesized by chitin synthase forming a long linear homopolymer of -1, 4 linked N-
acetylglucosamine (GIcNACc). It is required for the construction of the cell wall which is
essential for fungal survival. The chitin polymerization inhibition damages cell growth and
division affecting cell wall maturation, bud ring formation and septum formation (Lesage and
Bussey, 2006). Various compounds of natural origin demonstrate a similar activity against the
cell wall of the fungus. Anethole inhibits chitin synthase (CHS) activity in a dose-dependent
manner. Trans-anethole ascertains morphological changes in hyphae such as swallowing the
hyphal tips as studied against the Mucor mucedo IFO 7684, filamentous fungus (Yutani et al.,
2011). Therefore, the disruption of the cell wall caused by thinning of the hyphal wall,
distorting and final transformation in hollow and flattened hyphal tips due to essential oil which
leads to its bifurcation into bud-like structures (Oussalah, Caillet and Lacroix, 2006).
Thymoquinone, present majorly in the essential oil of black cumin seed extensively damages
the fungal cell wall and membrane (iscan, Iscan and Demirci, 2016).

Fungal cells essentially require the plasma membrane for its survival, therefore, any
alteration in the structure and function involving its synthesis or maintenance causes damage to
the cell and ultimate death. The mode of action and blockage of toxin production by essential
oils depicts structure-based varying potency levels. Citronellal inhibits the growth of C.
albicans by distorting the membrane integrity and cell cycle arrest (Singh, Fatima and Hameed,
2016). Cinnamaldehyde acts actively against bacteria, yeasts, and filamentous fungi through
inhibition of the activities of ATPases, alterations in the cell membrane integrity and structure
and cell wall biosynthesis. Therefore, cinnamaldehyde and its derivatives are considered as

potent antifungal agents against various fungal isolates (Shreaz et al., 2010). Essential oils
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could accumulate in the hydrophobic molecules inside the lipid bilayer structured cell
membrane which allow the easy transfer of these components into the cell. Furthermore, the
lipophilic, as well as water-soluble properties of different essential oils, perform varying
antifungal activities. The inhibitory process of essential oils is affected due to the interference
of a specific functional group with the membrane-associated enzymes (Xie, Fang and Xu,
2004).

The essential oil of tea tree oil and its components are found to alter the cell membrane
fluidity and thus permeability due to compromise in the membrane-associated functions in C.
albicans (Hammer, Carson and Riley, 2004). Certain essential oils can act at singular or
multiple levels. Essential oils of Litsea cubeba and its major component citral are reported to
inhibit Aspergillus niger, Alternaria alternate, Fusarium solani and F. moniliforme by
damaging their cell wall, distortion in the cell membrane through inhibiting ergosterol
biosynthesis in C. albicans causing cytoplasmic leakage and inhibiting peptidoglycan, DNA,
RNA and protein synthesis. The disruption of regular sterol biosynthetic pathway leads to the
lesser production of ergosterol similar to that of cholesterol by essential oil and its major
components of Coriandrum sativum (Freires et al., 2014). The reduction in the ergosterol
content of the cell membrane corresponds to metabolic and osmotic instability which further

negotiates the cellular ability to reproduce and infect (Rajput and Karuppayil, 2013).
2.2.4.2 Effect on mitochondria

Mitochondrial dehydrogenases such as lactate, malate, and succinate dehydrogenases
are inhibited by some essential oils reducing the ATP biosynthesis, therefore, mitochondrial
efficiency. In C. albicans, the citric acid cycle and ATP synthesis in mitochondria are inhibited
by the antifungal action of the essential oil of Anethum graveolens (Chen et al., 2013). A report
on terpenes has suggested that the levels of reactive oxygen species (ROS) and ATP generation
are altered due to diminishing mitochondrial content (Haque et al., 2016). Fungi can synthesize
nitric oxide (NO) endogenously in response to chemical stresses ultimately causing cell death
(Vieira et al., 2009). NO also protects the edible fungi mycelia from oxidative damage induced
through heat stress (Kong et al., 2012). ROS production during antibiotic administration is
lethal to bacteria and fungi causing cell death (Kohanski et al., 2007). Essential oils
demonstrated a potential to treat oxidative damage by reducing the levels of H,O,, NO and NO
synthase (Kavoosi and da Silva, 2012). Thymol exhibits effective fungicidal activity against
Aspergillus flavus through scavenging ROS and is frequently used on crops infected with A.
flavus (Shen et al., 2016).
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2.2.4.3 Effect of the efflux pump

H*-ATPase in the plasma membrane of the fungal cell is responsible for the physiology
of the cell through nutrient uptake which is supported by a transmembrane electrochemical
proton gradient. Furthermore, the H*-ATPase is also involved in the regulation of intracellular
pH, pathogenicity, cellular growth, dimorphism and medium acidification (Perlin, Seto-Young
and Monk, 1997). According to a study of certain essential oil active components on C.
albicans, thymol and eugenol are involved in the inhibition of H+-ATPase resulting in
excellent fungicidal drugs even on azole-resistant bacteria. Furthermore, carvacrol and thymol
demonstrated a synergistic effect with azole incorporating inhibition of the efflux-pump genes
such as CDR1 and MDR1.

2.2.4.4 Quorum sensing

The microorganisms in response to external stress activate the cell to cell communication
better known as cell signaling to make microcolonies. The released molecules accumulate cells
and increase cell density which protects them against outside harsh conditions. The occurrence
of quorum sensing is well reported in various microorganisms including fungi (Nazzaro et al.,
2013). E-farnesol is a well-studied such sensing molecule which is present in C. albicans and is
also capable of inhibiting the formation of hyphae and cell adherence to the surface (Ramage et
al., 2002). Alcohol derived from tyrosine known as tyrosol is reported to stimulate hyphal
formation showing an opposite effect to farnesol (Alem et al.,, 2006). The addition of
exogenous tyrosol does not show any change to the biofilm whereas, it can partially overcome
the effect of farnesol. However, the inhibition of hyphal formation is dominated in the presence

of exogenous farnesol as well as tyrosol.
2.2.4.5 Release of mycotoxins

The expression of some key enzymes required during catabolism and mycotoxins are
reduced in the presence of essential oils. Mycotoxicosis is one of the top ten hazardous
concerns in human health affecting billions of people in developing countries (Williams et al.,
2004). Since the over usage of synthetic antifungal agents can subsequently increase the risk of
drug resistance among human pathogen leading to less therapeutic capability, therefore, the
fungal groupings are enhanced (Brul and Coote, 1999). The toxic fungal contamination arises
an economic loss caused by hazardous health issues. Mycotoxins are referred to as naturally
occurring compounds secreted from fungi which are toxic to humans and are usually
carcinogenic, classified by International Agency for Research on Cancer (Bennett and Klich,

2003). Certain deoxyglucosides of borneol, carvacrol, citronellol, fenchol, menthol, thymol,
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and S-(-)- perillyl alcohol are generally reported with an inhibitory effect on the production of
mycotoxins like aflatoxin (Bruns et al., 2010). Essential oils of Curcuma longa have reportedly
inhibited the expression of aflatoxin-related genes in A. flavus through two regulating genes,
AFLR and ALFS and five structural genes, AFLD, AFLM, AFLO, AFLP and AFLQ resulting in
low transcriptional level and consequently less production of mycotoxin (Hu et al., 2017). In
some cases, the mycotoxin production is linked to biofilm formation under increased
environmental factors and their interactions including pH, temperature and water activity as
observed in A. parasiticus (AFL genes), Fusarium culmorum (TRI genes) and Penicillium
verrucosum (OTA genes). Moreover, eugenol is depicted as an active compound which blocks
aflatoxin B1 (AFB1) production representing the anti-toxinogenic effect of essential oils.
Eugenol acts through down-regulation of the cluster genes expressing aflatoxin out of which 19
genes were turned off whereas 8 genes were expressing at 10 to 20 folds reduced levels
(Jahanshiri et al., 2015). Furthermore, the essential oils of clove, cinnamon, lemongrass,
palmarosa and oregano showed anti-deoxynivalenol (DON) activity by inhibiting DON
accumulation in grains affected with Fusarium species (Velluti et al., 2004). Also, the essential
oils of Satureja hortensis, Zataria multiflora, carvacrol, and thymol decreased the production

of DON in F. graminearum (Kalagatur et al., 2015).
2.3 Citral: an antimicrobial agent

Cymbopogon citratus (Lemongrass) of family Poaceae exhibited potent antifungal
activity against Candida species. Citral is one of the major components of Cymbopogon spp. oil
analyzed using GC analysis and is the vital member of monoterpenes. It is a monoterpene
aldehyde which consists of two isomers: neral (cis-citral) and geranial (trans-citral).
Monoterpenes have proven the bioactive potential to develop alternative antimicrobial agents.
C. citratus and C. flexuosus can yield up to 80% of the citral among total monoterpenes. Citral
possesses a characteristic lemon-like smell which attracts a wide application in the soap,
flavours and fragrance industries. It also has potential bioactivity in medicine and
pharmaceuticals. Recent reports have established the role of citral as an analgesic,
antispasmodic, anti-inflammatory, sedative, diuretic and antipyretic (Nishijima et al., 2014). A
number of neural applications of citral have been tested by various researchers and found its
potential in treating neural disorders including Alzheimers diseases. Citral has gained immense
interest in research because of its potential in treating a number of diseases as well as

artificially synthesizing essential products such as Vitamin A.
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2.3.1 Biosynthesis of citral

All the monoterpenes are synthesized from deoxy-xylulose-5-phosphate (DOXP) or
methylerythritol-4-phosphate (MEP) pathways. The radiolabeled studies of the substrates in
lemongrass have revealed the biosynthesis of citral through geraniol oxidation. The steps
involve pyrophosphate (PP;) removal from geranyl diphosphate (GPP); acetylation of geraniol
forming geranyl acetate (GA); GA gets slowly hydrolyzed to geraniol by geranyl acetate
esterase (GAE); and finally, geraniol is oxidized to citral by geraniol dehydrogenase, an
NADP-dependent enzyme (Figure 2.3).
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Figure 2.3 Biosynthesis of citral

2.3.2 Combating antimicrobial resistance

Presently, the rapid evolution microbial resistance against fewer available antibiotics and
acclaimed drugs has stressed the clinical practices. Moreover, the presence of only a limited
number of antimicrobials with high-cost production and low specificity has also worsened the
situation. Addressing these well-known antimicrobial resistances attained through evolving
current novel strategies are of utmost importance. One effective remedy could be the
development of the alternative and efficient natural compounds preferably from a plant source
to lower the toxicity. To overcome this state of drug limitation, monoterpenes a well-known
group of naturally occurring class of isoprenoids can prove potentially important in developing
alternative antibiotics. Isoprenoids consist of a monoterpene class (Cio) with thousands of

colourless, volatile and lipophilic metabolites.

Recent reports have shown well-defined activities of citral against a number of
microorganisms and efforts are made to study its mode of action. Citral can act potentially in
the chemotherapy as well as synergistically along with employed drugs such as azoles against
fungal diseases. Numerous recently published reports have demonstrated the more focused
antimicrobial properties of citral and its derivatives in order to decipher the mode of their
action in preventing diseases. The growth inhibition of Penicillium italicum and Rhizopus

stolonifera has marked strong antifungal potential of citral and its derivatives (Saddiq and
33



Khayyat, 2010). These reports lead citral to be a potent source for the treatment of a number of
diseases including bacterial and fungal infections. Oxidative derivatives such as epoxides are,
however, recognized as strong inhibitory agents towards the growth of fungi and
Staphylococcus aureus, a methicillin-resistant bacterium in comparison to the native citral
(Singh et al., 2017). Interestingly, the epoxides are more proficient against bacteria when
compared to the standard antibiotics including ampicillin, nalidixic acid, and nitrofurantoin.
The bioactivities of citral against fungal diseases have also been explored and found effective
when used as epoxides.

A recent report has suggested the antimicrobial properties of various conjugated acid
derivatives of citral which were more potent in comparison to nystatin and chloramphenicol.
The essential oil of lemongrass and its major component citral showed significant antibacterial
activities against bacterial pathogens including Escherichia coli, Bacillus cereus, Streptococcus
aureus and Streptococcus agalactiae isolated from bovine (Aiemsaard et al., 2011). The mild
heat treatment at 55 °C for 15 mins of bacteria in the presence of citral, B-pinene, and linalool
has revealed powerful antimicrobial activity when administered in combination with each other
(Belletti et al., 2010). The chemotherapy of fungal diseases incorporating citral has also

displayed promising bioactivities.

The combinatorial administration of citral with fluconazole has displayed strong
synergistic action against bacteria and fungi. A study of six terpenoids including citral has
reported significant synergistic effect with fluconazole against various isolates of fluconazole-
resistant Candida albicans (Zore et al., 2011). The tested terpenoids had potent inhibitory
effects against the cellular growth of C. albicans through hindrance at diverse phases of the cell
cycle. Citral and citronellal are thought to have initiated apoptosis through intervention during
the S- phase of the cell cycle. Also, these terpenoids exhibited astonishing activity towards
yeast as well as hyphal growth at concentrations which are non-toxic to the HelLa cells.
Essential oils of Lemongrass and citral are significantly active against C. albicans and other
non-albicans Candida species including C. parapsilosis, C. krusei, C. tropicalis and C.
glabrata (Silva et al., 2008). Monoterpenes such as nerolidol, eugenol, alpha-terpineol, and
citral can affect the ultra-structural changes in Trichophyton mentagrophytes (Park et al.,
2009). It was found that citral at a dose > 0.1mg/mL acts effectively against the hyphal growth
of T. mentagrophytes whereas dose > 0.2mg/mL irreversibly damages the cellular organelles
and cell membrane. Moreover, citral and citronellol derived amides including 5, 9-dimethyl-
deca-2, 4, 8-trienoic acid and 9-formyl-5-methyl-deca-2, 4, 8-trienoic acid acts against S.

aureus as NorA efflux pump inhibitors (Thota et al., 2008). Furthermore, citral induces sub-
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lethal injury to outer as well as cytoplasmic membrane inactivating wild strain BJ4 of E. coli
(Espina et al., 2013).

Dallaeu et al., (2008) have extensively studied several molecules which are prevalent in
essential oils and compared their antibiofilm activity (Dalleau et al., 2008). Candida biofilm
shows a significant reduction in their growth when treated with components including citral,
linalool, geraniol, thymol, menthol, carvacrol, etc. and exhibited up to 75% inhibition on higher
concentrations. Candida biofilm, when treated with the essential oils of C. citratus, was
observed by using SEM and AFM differentiating the structural damages on liquid and vapour
phase application (Tyagi and Malik, 2010). The untreated cells appeared healthy as intact
clustered cells whereas, during treatment of essential oils to the cells were deformed with the
lost original shape and shrunk. The cells were relatively flattened instead of any significant
effect on its dimensions with respect to its length and breadth. The vapour phase treatment
clearly demonstrated a higher impact on the cellular surface by altering the cell dimensions and
therefore, overall morphology. The antibiofilm activity of C. nardus has shown the inhibition
of transition of yeast to hyphal forms when used against C. albicans (De Toledo et al., 2016).
The microscopic illustrations have shown an absence of any filamentous structure in the
presence of essential oil concentrations ranging from 15mg/mL to 1000 mg/mL. Essential oils
of C. nardus successfully inhibit the growth and formation of a biofilm of C. albicans in MIC
range of 250mg/mL to 1000mg/mL whereas; the hyphal formation is inhibited from
15.8mg/mL to 1000mg/mL depending on the stage of maturity. Citrus essential oils can
significantly eradicate mixed polymicrobial infections commonly found in chronic infections in
which bacteria and fungi together contribute a healthcare burden (Pekmezovic et al., 2016).
The study revealed that citrus affects the cell membrane of C. albicans by increasing
permeability in fungal counterparts and alters cell signaling sensing in Pseudomonas
aeruginosa.

Hence, by far citral has demonstrated the potential of an active molecule against various
microorganisms. Numerous bacteria and fungi have shown sensitivity towards citral and its
derivatives. The mechanism of action of citral is multifaceted and acts at diverse cellular
machinery of bacteria as well as fungi. Here, the activity of citral against C. tropicalis biofilm
has been elaborated in detail. Citral can potentially act at multiple cellular levels of C.

tropicalis as predicted in Figure 2.4.
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Chapter 3
MATERIALS AND METHODS

3.1 Materials

3.1.1 Microorganisms, media and growth conditions

Candida albicans (NCIM-3102) and Candida tropicalis (NCIM-3118) strains were
procured from National Chemical Laboratory (NCL), Pune, India. Studies were performed
using preserved glycerol stock, regularly revived on Sabouraud’s dextrose agar medium
(HiMedia, India) at 30°C. The cells were cultured in Sabouraud’s dextrose broth (HiMedia,
India) for 24h at 30°C with 200rpm, agitation. For biofilm formation, Roswell Park Memorial
Institute (RPMI-1640) medium with L-glutamine without sodium bicarbonate, buffered with
0.165M morpholinepropanesulfonic acid (HiMedia, India), set to a pH of 7, was used. Stock
solutions of conventional durgs; fluconazole and amphotericin B, alcoholic terpenes; geraniol
and menthol, aldehydic terpenes; citral and cinnamaldehyde and phenolic terpenes; carvacrol,
eugenol, and thymol ordered from Sigma Aldrich, Germany, were made in dimethyl sulfoxide

(DMSO) (CDH, India) as 100x concentrations of working solutions and were freshly used.
3.1.2 Reagents

3.1.2.1 Phosphate buffered saline (0.1M, pH 7.4)

The 10x stock concentration of phosphate-buffered saline (PBS) was prepared and

diluted up to a concentration of 1x was used as a final working solution.

Table 3.1 Composition of phosphate-buffered saline (PBS)

S.No. Chemicals Stock (10x) Working (1x)
1. NaCl 1.37M 137mM
2. KCI 27TmM 2.7mM
3. NayHPO4 100mM 10mM
4, KH,PO4 18mM 1.8mM
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3.1.2.2 Antifungal agent

The stock concentrations of standard drugs i.e. fluconazole and amphotericin B; and
terpenes i.e. geraniol, menthol, citral, cinnamaldehyde, carvacrol, eugenol, and thymol
were prepared at a concentration of 205.6mg/mL each in DMSO.

3.1.2.3 2, 3-bis (2- methoxy- 4- nitro- 5- sulfophenyl)- 2H- tetrazolium- 5-carboxanilide

sodium salt (XTT) solution
The stock solution of XTT salt was prepared at a concentration of 5mg/mL in 1x PBS.
3.1.2.4 Menadione solution
1mM stock concentration of menadione was prepared in isopropanol.
3.1.2.5 Ergosterol and sorbitol solutions

The stock solutions of ergosterol and sorbitol were prepared at the concentrations of
4mg/mL and 2M, respectively.

3.1.2.6 Propidium lodide (PI)
The stock solution of Pl was prepared at a concentration of 1mg/mL using 1xPBS.
3.1.2.7 FUN-1 and concanavalin-Alexa Fluor 488 conjugate solutions
The stock concentrations of FUN-1and concanavalin-Alexa Fluor 488 conjugate were
prepared at the concentrations of 10mM and 5mg/mL, respectively.
3.1.2.8 Chloromethyl- dicholodihydrofluorescein diacetate (CM-H2DCFDA) solution
A stock solution of ImM was made in 1xPBS.
3.1.2.9 Protease inhibitor mix
7x stock concentration of cOmplete mini EDTA free protease inhibitor cocktail (Roche,
Germany) was freshly prepared by dissolving one complete tablet in 1.5mL 1xPBS.
3.1.2.10 Tris-Glycine running buffer

10x Tris-Glycine was prepared by dissolving 30g of Tris-base, 1449 of glycine and 10g

of SDS making a final volume of 1L to serve as a stock solution.
3.1.2.11 Ethidium bromide (EtBr)

The 10mg/mL stock solution of EtBr was prepared.
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3.1.2.12 Staining and destaining solutions
The detailed composition of both solutions was as follows:

Table 3.2 Recipe of staining and destaining solutions

Solutions Components

Staining 0.5% (w/v) coomassie brilliant blue R-250
50% methanol
10% glacial acetic acid
40% distilled water

Destaining | 50% methanol
10% glacial-acetic acid
40% distilled water

Destaining 11 10% glacial acetic acid
90% distilled water

3.1.2.13 Miscellaneous

The stock solutions of frequently used components have been listed below:

Table 3.3 List of stock solutions

S. No. Chemicals Concentrations
= NaCl 3M
2. EDTA 0.5M
3. Tris-Cl 1.5M
4, SDS 10%
5, KH,PO4 (pH 6.5) M
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3.2 Methods

3.2.1 Invitro biofilm growth of C. tropicalis

The biofilm was formed on the surface of sterile 96-well flat bottomed culture plates
and with silicone elastomer discs in RPMI-1640 incubated statically at 37°C up to 72h. The
growth kinetics of biofilm formation was studied using colourimetric assay at different timings.
Biofilm was formed in three different phases: adhesion phase (6h), intermediate phase (24h),
and mature phase (48h). The XTT reduction assay was done to quantify the biofilm formation
in terms of metabolically active cells where the absorbance at 2h, 4h, 6h, 24h, 48h, 60h, 72h,
respectively, were read at an optical density (OD4g, nm) Using 96-well plate reader (Spectramax,
Molecular Devices, USA).

3.2.2 C. tropicalis susceptibility towards selected terpenes

Activities of geraniol, menthol, citral, cinnamaldehyde, carvacrol, eugenol, and thymol
against planktonic cells were tested by broth microdilution method using CLSI (M27-A3)
(Clinical and Laboratory Standards Institute) guidelines (CLSI, 2017). Briefly, planktonic cells
were grown in Sabouraud’s dextrose broth for 24h at 30°C with 200rpm shaking. The harvested
cells were washed using sterile phosphate-buffered saline (1xPBS, 0.1M, pH 7.4) and
resuspended at 2x10°cells/ mL concentration in the Sabouraud’s dextrose broth medium.
Serially double diluted concentrations from Oupg/mL to 1024pg/mL of each terpene was
prepared in Sabouraud’s dextrose broth and the cell suspension of 100pL was added to each
well of 96-well microtiter plates so that the final working volume contains 1x10%cells/mL with
the final DMSO concentration not exceeding more than 5% in any assay. Pre-sterile 96-well
polystyrene microtiter plates (Tarsons, India) were set with 100uL of each dilution as treatment
and control well contained 5% DMSO dispensed in Sabouraud’s dextrose broth. 100uL of cell
suspension was added in each well of 96-well microtiter plates to mix with terpenes at their
respective working concentrations. Thereafter, the plates were incubated at 30°C for 24h, and
final growth was measured by 96-well plate reader (Spectramax, Molecular Devices, USA) at
an optical density (ODeoo nm) (Ramage, VandeWalle, et al., 2001). The minimum inhibitory

concentration (MIC) of each component was determined by employing the following formulae:

Percentage of yeast cells = [1 — (0D600 sample/0OD600 control)] x 100%.
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3.2.3 Antibiofilm activities of terpenes on C. tropicalis

The biofilm formation assay was performed in 96-well polystyrene microtiter plates as
described earlier (Pierce et al., 2008; Nett et al., 2011). Briefly, the cells at a concentration of
2x10°cells/mL were suspended in a 100pL volume in each well in RPMI-1640. Serial double
dilutions of each terpene were made in RPMI-1640 and added to each well as treatment while
acquiring a final concentration of cells as 1x10°ells/mL and concentrations of each terpene
ranging from Opg/mL to 1024ug/mL. Control wells were prepared with 5% DMSO in RPMI-
1640. Plates were incubated at 37°C for 48h. For preformed biofilm, the cells were suspended
at a concentration of 1x10%cells/mL, taking 100pL of suspension in each well of 96-well
polystyrene plates. The plates were then, incubated at 37°C for 24h. After incubation, non-
adherent cells were removed through aspiration of media and the wells were washed thrice
using 1xPBS. Residual PBS was removed by inverting the plates over blotting sheets. A
volume of 100uL of serially double diluted concentration (Opg/mL to 1024ug/mL) of each
terpene, not exceeding DMSO by 5%, was added to each well with treatment, whereas, control
wells were made using 5% DMSO in RPMI-1640. The plates were incubated at 37°C for
another 24h. The metabolic activity of biofilm was quantitatively determined by colourimetric
XTT [2, 3-bis (2- methoxy- 4- nitro- 5- sulfophenyl)- 2H- tetrazolium- 5-carboxanilide sodium
salt] reduction assay. The biofilm inhibitory concentration (BIC) and biofilm eradicating
concentration (BEC) were calculated by computing the percentage of metabolic activity
displayed by biofilm cells when treated with each terpene was calculated using the formulae:

Metabolic activity (%) = [1 — (0D492 sample / 0D492 control)] X 100%
Fluconazole, a standard drug, was taken as a positive control.

Furthermore, the effect of each terpene on cell membrane/ cell wall was determined by
ergosterol and sorbitol assays. The MICsy, BICsp and BECsy (minimum inhibitory
concentration of planktonic cells, biofilm inhibitory concentration and biofilm eradicating
concentration, respectively at which the cell growth was reduced to 50% to that of the healthy
cells) for C. tropicalis were determined using microdilution method (as described above) in the
treated/ untreated wells from Opg/mL to 1024pg/mL supplemented with 400pg/mL of
ergosterol and 0.8M sorbitol as an osmotic supporter, obtained from Sigma-Aldrich, USA to
study the ergosterol binding and sorbitol effect, respectively (Escalante et al., 2008).
Amphotericin B (1pg/mL, 4pg/mL and 8ug/mL) was taken as the control drug for the

ergosterol assay.
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3.2.4 Colourimetric XTT reduction assay

After appropriate incubations of microtiter plates, media was aspirated and biofilm was
washed using 1xPBS (sterile). Colourimetric XTT reduction assay was performed as reported
earlier (Pierce et al., 2008). 5Smg/mL stock solution of XTT tetrazolium salt (Sigma, Germany)
in 10mL of 1xPBS was mixed to get 0.5mg/mL working solution. 1uM final concentration of
menadione (Sigma, Germany) was added to XTT. 100uL of working XTT-menadione solution
was dispensed into each well containing prewashed biofilm. A blank without cells was set for
background subtraction. All the plates were incubated at 37°C in the dark for 1h and
absorbance was taken at 492nm. The amount of colour change due to the formation of

formazan was directly correlated to the metabolic activity of the cells.
3.2.,5 Quantification of ergosterol content

The total amount of intracellular ergosterol was quantified at the respective BICs, and
BECs of citral and thymol. The biofilm was formed as mentioned above and was introduced
with citral (BICsp (64pg/mL) and BECsy (128ug/mL)) and thymol (BICso (32ug/mL) and
BECso (128ug/mL)) along with a positive (Amphotericin B (BICsy (4pg/mL) and BECs
(8pg/mL)) and negative control (Opug/mL). The ergosterol quantification was performed as
described a previous study (Khan, Igbal and Singh, 2013). The obtained content of ergosterol
was calculated by the following equation: The ergosterol content was estimated as a percentage

of the wet weight of the cell pellet (100mg) by the following equations:

(555 | A R

cell pellet (wt.) pellet (wt.)

Ergosterol Content (%) =

Considering, F as ethanol dilution factor and E; and E; values to be 290 and 518 as the
determined ergosterol content in terms of percentage per cm for crystalline ergosterol and
24(28) DHE (dehydroergosterol), respectively (Singh, Fatima and Hameed, 2016).

3.2.6 Cell surface hydrophobicity and auto-aggregation of C. tropicalis cells

C. tropicalis cell adhesion to the solvents was employed to determine the cell surface
hydrophobicity. The adhesion of cells to Xxylene (non-polar solvent) determines the
hydrophobic characteristic of cells. Briefly, the cells with 10%cells/mL were suspended in
1xPBS (0.1M, pH 7.4). 3mL of cell suspension was added with ImL of xylene in an acid-

washed glass tube. The obtained mixture was kept at 37°C for 10mins and vortexed up to 1min.
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The vortexed mixture was incubated at 37°C for 45mins, after that the absorbance of the
aqueous phase was read at 520nm. The hydrophobicity was estimated as hydrophobicity index
(HI) using the following equation:
HI (%) = (A1—A2/A2) x 100
(Where, A;: inoculum absorbance and A,: aqueous phase absorbance)

The specific adherence of cells was estimated using the auto-aggregation assay. The
biofilm cells were harvested at 5000g for 10mins at 4°C and washed in 1xPBS (0.1M, pH 7.4).
The cells were set at 10%cells/mL in the suspension using 1xPBS. 3mL of cell suspension was
vortexed for 10s and incubated at 37°C for 2h. After incubation, the absorbance was read at
ODsgoo nm- The calculation of auto-aggregation followed:

Auto — aggregation (%) = (1 — A2h/ AOh) X 100.

3.2.7 Invitro time-Kill Kinetics of terpenes on C. tropicalis

The fungicidal activity of the terpenes and amphotericin B against C. tropicalis yeast
cells was measured by time-kill analysis as described previously (Credito, Lin and Appelbaum,
2007). Yeast cells (10%cells/mL) with the MICs, of each terpene and amphotericin B were
incubated at 37°C and shaking at 250rpm. Aliquots were taken from each tube at 0, 30, 60, 90
and 120mins after addition of the antifungal agents at MICsp, and the samples were diluted and
spread on Sabouraud’s dextrose agar plates in triplicates. The plates were incubated at 37°C for
24h, and the colonies were counted.

3.2.8 Morphological changes in C. tropicalis matured biofilm cells during treatment

Qualitative analysis of the effect of terpenes on the biofilm was analyzed by employing
a scanning electron microscope (SEM) (Carl Zeiss, Germany). Briefly, the biofilm was formed
on silicone elastomer in 12-well cell culture plates (Tarsons, India). Catheters were disinfected
and treated with sterile fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, USA) as
described earlier (Pierce et al., 2008). Briefly, FBS treated catheters were dispersed with yeast
cells with a concentration of 1x10%ells/mL, incubating at 37°C for 24h and the biofilm were
allowed to form in the presence of BECs, concentrations of terpenes and fluconazole for
another 24h. Control biofilm was prepared with 5% DMSO. At the end of the biofilm
formation, for SEM analysis biofilm was dried and processed as described by Chandra et al.
(2006) with slight modifications (Chandra, Mukherjee and Ghannoum, 2008). Briefly, biofilm
was washed using 1xPBS and subsequently fixed with (2% v/v) glutaraldehyde (HiMedia,
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India), followed by dehydration in a series (25%, 50%, 75%, and 100%) of ethanol solutions.

Finally, gold sputtering was performed over the samples and images were acquired using SEM.
3.2.9 Effect of citral and thymol on the cell membrane permeability

The propidium iodide (PI) staining of C. tropicalis was done in order to study the
fungicidal effect of citral and thymol. The cells were suspended at a concentration of
1x10%cells/mL after treatment with amphotericin B (4pg/mL), citral (16pg/mL), thymol
(8pg/mL), and cells without treatment were taken as the control. The cells were collected by
centrifugation at 6000rpm for 10mins at 4°C. The cell pellet was washed twice in 1xPBS. Both
the treated and untreated samples were stained with 1uL of Pl (Img/mL) (Thermo Scientific,
USA). A control was also taken with untreated and unstained cells. The instrument was
calibrated using Sphero rainbow calibration particles (GE Healthcare, USA). The samples were
analyzed using flow cytometer (BD FACSVerse flow cytometer, BD Biosciences, USA) with
Pl-stained (excitation at 485nm and emission at 630nm) for dead cells. Briefly, 10,000 cells
were sorted for each sample. The forward scatter (FSC), side scatters (SSC), and phycoerythrin

(PE) was recorded for analysis.

3.2.10 Field emission scanning electron microscope (FE-SEM) and confocal laser

scanning microscope (CLSM)

Qualitative analysis of the effect of citral and thymol on biofilm was evaluated by field
emission scanning electron microscope (FE-SEM) (Carl Zeiss AG, EVO 40, Germany) and
confocal laser scanning microscope (CLSM), LSM -700 (Carl Zeiss, Germany) as described in
the earlier study (Chandra, Mukherjee and Ghannoum, 2008), with slight modifications.
Biofilm was formed in 12-well cell culture plates using disinfected silicone elastomers coated
with sterile FBS, as described above. Briefly, FBS treated silicone elastomer discs were
dispersed with a cell concentration of 1x10°ells/mL in RPMI-1640 and were incubated at
37°C for 24h. The biofilm formed on the elastomer surfaces was washed using 1xPBS and
incubated for another 24h in the presence of amphotericin B (4pug/mL) BECso concentration i.e.
128ug/mL of both components. Control biofilm was formed in the presence of 5% DMSO in
RPMI-1640. For FE-SEM, biofilm was dried and processed further. Briefly, biofilm was
washed using 1xPBS and was subsequently fixed in 2% (v/v) glutaraldehyde (HiMedia, India),
followed by dehydration in a series of 25%, 50%, 75% and 100% of the ethanol (Merck, USA).
Finally, the elastomer discs were glued on stubs and sputter-coated with gold for 30s. The
biofilm was then examined using FE-SEM.
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For CLSM, biofilm was formed on silicone elastomer in the presence of the BECs
(128pg/mL) concentration of citral and thymol; and control biofilm was formed in RPMI-1640
with 5% DMSO. The biofilm was then, stained with fluorescent stains FUN-1 (Molecular
Probes, Invitrogen, USA) at a working concentration of 1mM and Concanavalin-Alexa Fluor
488 conjugate (Invitrogen, USA) at a working concentration of 0.5mg/mL following incubation
for 30mins at 37°C in dark, the biofilm was then observed using ZEN imaging software and
analyzed using Image J software. The images were obtained in series to get the three-

dimensional view, each positioned at the intervals of 1um in the z-axis.

The three-dimensional biofilm structures were quantified using COMSTAT software
(Heydorn et al., 2000). The stacks of images which were obtained using CLSM were further
analyzed by exporting these z-series images to COMSTAT plugin of Image J software.
Biomasses, average thickness, the surface to bio-volume ratio and substratum coverage were

considered parameters to be analyzed.
3.2.11 Measurement of reactive oxygen species (ROS) levels

The intracellular ROS levels in C. tropicalis biofilm were assessed using the fluorescent
dye chloromethyl- dicholodihydrofluorescein diacetate (CM-H2DCFDA) from Sigma-Aldrich,
USA in the presence of both at BICsy (64pg/mL for citral and 32ug/mL for thymol) and BECsg
(128pg/mL of each) (Cho and Lee, 2011). Amphotericin B (BICsy: 4pg/mL and BECs:
8ug/mL) was taken as control drug. Briefly, the biofilm cells with and without treatment were
added with 20uM CM-H2DCFDA and incubated at 37°C for 1h. The fluorescence intensity
was measured with excitation (485nm) and emission (535nm) using fluorescent microplate

reader (Synergy H1 Micro mode Reader, USA).

3.2.12 Catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) enzyme

activities

The protein extracts of C. tropicalis biofilm with treatment of citral and thymol at their
respective BICs, and BECsy and control without treatment were prepared and the antioxidant
enzymatic activities were monitored in accordance with the previously prescribed protocol with
little modifications (Khan et al., 2011). Briefly, the biofilm cells were lysed and re-suspended
in ImL grinding buffer (250mM sucrose, 10mM Tris-Cl (pH 7.5), ImM PMSF). The resulting
homogenate was centrifuged at 15000rpm for 45mins at 4°C. The supernatant containing
soluble protein was estimated using BCA assay while using BSA as a standard. Enzymatic

activities were measured using a UV-Vis spectrophotometer (Varian Cary 100, USA).
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To determine the activity of the CAT, 10uL of each protein sample was added to
1.99mL of 1xPBS and 1mL of H,0O, (1.9mM) making a final volume up to 3mL as the reaction
mixture. The decrease in absorbance due to H,O, disappearance was recorded for 30s intervals
up to 3mins at 25°C in a quartz cuvette (path length = 1cm) at 240nm. The resulting catalase
activity was assessed in terms of umol H,O, consumption/min/mg protein taking a molar

extinction coefficient of 43.6M 'cm .

The POD activity was calculated using 100uL of the protein sample added in 25mM
HEPES buffer (pH 6.8) (HiMedia, India) comprising 4mM guaiacol (HiMedia, India) and
10mM H,0, incubated for 15min at 25°C. The change in absorbance during tetraguaiacol
formation was monitored every 30s at 470nm (path length = 1cm) for 3mins at 25°C. The
activity of peroxidase was represented in pumol/min/mg protein as calculated using a molar

extinction coefficient of 26.61M ‘cm ™.

To measure the activity of SOD, 100puL of protein samples were mixed with pyrogallol-
Tris buffer (100uL) and pyrogallol inhibition was measured every 30s for 3mins at an optical
density of 420nm. The superoxide dismutase units were calculated in the form of pyrogallol
autoxidation using the following formulae:

Units of SOD  [(4 —B)
mL T

X 50 X 100| X 0.6 (df)

Considering, A as the difference in control absorbance per 1min and B as the difference in
treated sample absorbance per 1min and df as the dilution factor. The obtained results were

expressed in U/mg protein.
3.2.13 Whole-cell lipid peroxidation determination

In order to determine the lipid peroxidation in the whole cell, the level of
malondialdehyde (MDA) reacting with thiobarbituric acid reactive substances (TBARS) was
measured (Ohkawa, Ohishi and Yagi, 1979). After administration of citral (BICsy, BECso) and
thymol (BICso, BECs) for 6h, the cell suspension of C. tropicalis was centrifuged at 12000rpm
for 5mins. The collected pellets were washed in 1xPBS twice and again re-suspended in the
lysis buffer (L00mM NaCl, 10mM Tris-Cl, ImM EDTA (pH 8.0), 1% SDS and 2% Triton-X
100) and sonicated at an amplitude of 50% for 5mins on ice. The cells were again centrifuged
at 12000rpm for 2mins and thiobarbituric acid (TBA, 0.5% w/v) solution prepared in
trichloroacetic acid (TCA, 5%) (1:1) was added to the supernatant. The mixture was heated for
60mins at 95°C and cooled down to 4°C. After incubation, the cells were centrifuged at
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10000rpm for 10mins at 4°C. The resulting supernatant fraction was read for absorbance at the

wavelengths of 532nm and 600nm. Three replicates were considered to minimize the error.
Concentration of MDA (uM) = (Abs532 nm — Abs600nm) x 1000/155

(Considering MDA-TBA abduct extinction coefficient at 532nm is 155mM~cm™).

3.2.14 Alkaline Comet Assay

Yeast alkaline comet assay was performed as discussed previously (Miloshev,
Mihaylov and Anachkova, 2002). 0.5% supportive agarose gel was spread on the glass slide
and dried in air. Briefly, C. tropicalis cells were collected in a micro-centrifuge tube by
centrifugation at 4000rpm for 5mins at 4°C. The obtained cell pellets were washed twice with
sterile 1xPBS and resuspended in buffer S (1M sorbitol and 25mM KH,PO,, pH 6.5).
Approximately 5 x10* cells were mixed with 2mg/mL Zymolyase 20T (USBio, USA) in 0.7%
low melting agarose and spread over the supportive agarose slide. The coverslips were placed
over the gel and incubated at 37°C for 20mins. The following procedures were performed at
10°C in order to minimize the enzyme activity at the endogenous cellular level. Further, the
coverslips of the slides were removed and the slides were incubated in lysis buffer (1M NacCl,
30mM NaOH, 50mM EDTA (pH 8), and 0.1% lauryl sarcosine) for 1h to lyse the spheroplasts.
Afterwards, the slides were rinsed thrice in 30mM NaOH and 10mM EDTA (pH 12.4) for
20mins each to unwind the DNA. The slides were then subjected to the electrophoresis in the
same buffer at 0.5V/cm for 20mins. Following electrophoresis, the slides were submerged in
10mM Tris-Cl (pH 7.5) for 10mins in order to neutralize the gel. The fixation was done by
subsequent dipping of the slides in 76% and 96% ethanol, respectively. At last, the slides were
air-dried followed by staining in Img/mL of ethidium bromide and visualization was performed
using fluorescence microscopy (Axio Vert.Al, Carl Zeiss, USA). All the above steps were

done in the dark for minimizing DNA damage.
3.2.15 RNA isolation, cDNA synthesis, and real-time expression analysis

The RNA was isolated from the control and treated biofilm cells at BECsy concentrations
of citral and thymol i.e. 128ug/mL of each which were grown for 48h using RNA-XPress
reagent (HiMedia, India) according to the manufacturer’s protocol. Briefly, ~ 200mg of the
cells with and without treatment were crushed in liquid nitrogen and treated with the reagent.
The obtained gel-like pellet was finally dissolved in RNase-free water and was quantified using

NanoDrop 1c (Thermo Scientific, USA). Genomic DNA contamination was removed by
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RNase-free—DNase set (Qiagen, Germany). Reverse transcription was performed in a total
volume of 20uL using 2ug of RNA by first-strand cDNA synthesis kit (Thermo Scientific,
USA), following prescribed protocol.

The normalization was done using glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
RT-PCR was carried out using SYBR Green PCR-Master Mix (Roche, Germany) in replicates
with three sets of experiments. PCR mix as listed in Table 3.4 was used for each gene. The RT-
PCR was performed (Step 1: 95°C for 3mins, Step 2: 95°C for 15s, 51.5°C for 45s, and 72°C for
30s for 40 cycles) using Eppendorf Realplex Master Cycler (Figure 3.1). The data was analyzed
to determine the fold change in the expression of the gene by calculating ratio = 2°°°C,, using C;
values (Pfaffl, 2001). To evaluate the gene expression levels of key genes responsible for
antifungal resistance at the transcriptomic level, real-time RT-PCR was performed. The primers
(GCC Biotech, India) used for this study are listed in Table 3.5.

Table 3.4 Components of RT-PCR reaction mixture

dH,O SYBR Green Mix  Forward Primer Reverse Primer Template
6.75uL 10pL 1pL 1pL 1.25uL
1 2 3 4 1|5 6 7 a8
95.0°C 95,0°C | 95.0°C 20:00
|

03:00

&

00:45
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|

|
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Figure 3.1 Temperature profiling of RT-PCR reaction
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Table 3.5 Primers used for real-time RT-PCR

) Amplicon T,
Gene Gene ID  Primer Sequence 5’ to 3’
length (bp) (°C)
enolase ENOL Fud TATTGCCATGGATGTT
176 50.2 GCTT
enolase ENO1 Rev CTTCAGCGAATGGAT
CTTCA
aldehyde ALD5 Fwd TTGTTACCGGTGGTG
dehydrogenase 196 51.8 CTAGA
aldehyde ALD5 Rev GAGTGAATACCAGCA
dehydrogenase GCCAA
sterol 14-demethylase ERG11 Fwd ACTCATGGGGTTGCC
120 50.5 AATGT
sterol 14-demethylase ERG11 Rev AGTTGAGCAAATGAA
CGGTC
Cytochrome P450 52A1 CYT450 Fwd GTTCTGCTGTGTTTCC
169 540 AGCC
Cytochrome P450 52A1 CYT450 Rev AGACCCAGAGAATGT
CAAGGC
2-oxoglutarate KGD2 Fwd GGTGCATTCTCCAAG
dehydrogenase complex 135 55.0 GCTGT
2-oxoglutarate KGD2 Rev CAAACCCTTTGGTGT
dehydrogenase complex GGCAA
superoxide dismutase SOD1 Fwd TTCAAGGTTCTGGTTG
140 540 GGCT
superoxide dismutase SOD1 Rev AGCATGTTCCCAAGC
ATCAA
calcineurin subunit B CNB1 Fwd AGATGGGTCAGGGGA
112 55.0 AATTGAC
calcineurin subunit B CNB1 Rev ACGACCATCACCATC
TGTGTC
glyceraldehyde-3- GAPDH  Fwd GTCAACGATCCATTC
phosphate 153 540 ATTGC
dehydrogenase
glyceraldehyde-3-
ohosphate GAPDH  Rev AGCTGGGTCTCTTTCT
dehydrogenase TEGA
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3.2.16 Protein sequence retrieval

The sequence of CtErgl1p (Accession Number: AMR44151.1) was retrieved in FASTA
format from the National Centre for Biotechnology Information (NCBI) database
(http://lwww.ncbi.nlm.nih.gov/). Similar sequences were searched for the query sequence using
the Basic Local Alignment Search Tool (Altschul et al., 1990) against Protein Data Bank
(PDB) for the selection of a template. An appropriate template based on the percentage

sequence coverage and percentage sequence identity was identified.
3.2.17 Sequence alignment and secondary structure prediction

The  multiple  sequence  alignment  was  performed using . ClustalW
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The alignment was done between FASTA
sequences of CtErglip along CaErglip (PDB ID: 5Vv5Z) and CaErgllp (PDB ID: 5FSA). The
secondary structure was analysed using Easy Sequencing in PostScript (ESPript)
(http://espript.ibcp.fr/ESPript/ESPript/) allowing rapid visualization of the aligned sequence
(Gouet et al., 1999). The secondary structure was evaluated using PDBsum
(http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html)
(Laskowski et al., 1997).

3.2.18 Homology modelling

The theoretical three dimensional (3D) structure of CtErgllp was generated through
homology modelling in comparison to the template 5V5Z crystal structure using Modeller 9.10
(Eswar et al., 2008). The input of the sequence was an alignment file of the CtErgl1p with the
structure of the template, atomic coordinates and a simple script file. A total of four 3D protein
structures were generated and processed for further validation. The GMQE and QMEAN4 Z-
score were compared and the model with values 0.84 and -1.57, respectively, was selected for

further analysis.
3.2.19 Structure validation

The models of CtErgl1p were analysed and the best model was selected on the basis of
SAVES server (http://nihserver.mbi.ucla.edu/SAVES/), ProSA
(https://prosa.services.came.sbg.ac.at/prosa.php) and RAMPAGE
(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php) evaluating various parameters using
ProSA plot, ERRAT plot and VERIFY-3D. ProSA plot determines the structure irregularities

by calculating Z-score for the overall model quality as the deviation of the volumes from the
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standard. ERRAT plot calculates the average overall quality with confidence to reject regions.
The VERIFY-3D assigned the structural class based on the location of 1D amino acid sequence
location and environment to compare the compatibility of the 3D atomic model. RAMPAGE
plotted the Ramachandran plot assessing various parameters including planarity and geometry

of the atoms as a function of atomic resolution.
3.2.20 Molecular docking

Docking studies of two ligands namely neral and geranial (isomers of citral) and a
standard drug, itraconazole with CtErgllp were performed using AutoDock 4.2.6. (Morris et
al., 2009). Ctergllp was employed with hydrogens atoms and Kollman charges using
AutoDock MGL Tools 1.5.6. The charged receptor was saved in .pdbgt format. The ligands
were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) in .sdf format and converted
in a .pdbqt format using Open Babel (O’Boyle et al., 2011). The prepared model was added
with hydrogen atoms and Gasteiger charges for neral and geranial which was saved in .pdbqt
formats. The torsional degrees of freedom in the ligand molecule specified the ligand
flexibility. The grid was optimized to allow ligand binding at heme domain. The grid was set
using following parameters; spacing: 0.2 A, centre point coordinates: X = -34.662, Y = -20.759
and Z = 29.814, dimension of grid box: 50 A x50A x 50 A using AutoGrid 4.2.6. Further, the
Lamarckian genetic algorithm method was implemented for docking. A total of 100 GA was
run with other default parameters. The final docking was done using AutoDock Vina. The
obtained docked molecules were analysed and the molecule with the lowest binding energy was

selected for visual analysis using Dassault Systemes BIOVIA, Discovery Studio.
3.2.21 Protein extraction and quantification

The protein was extracted following the earlier described method with brief
modifications (Simpson, 2011). The biofilm was grown with/ without citral (16pg/mL)
treatment as described in previous Section 3.2.3. The biofilm cells were scraped off the silicone
elastomer and collected in a microcentrifuge tube using a centrifuge. The cells were washed
twice with sterile 1xPBS. The cell pellets thus collected were further introduced with RIPA
buffer (150mM NaCl, 1% Triton X-100, 0.5% sodium desoxycholate, 0.1% sodium dodecyl
sulphate (SDS), 50mM Tris-Cl (pH 7.2)) and placed on ice for 30mins. The protease inhibitor
cocktail was used to minimize protein degradation. After incubation, the cells were lysed using
glass beads with the cycle of vortexing for 30s followed by resting on ice, for 30mins. The
lysed cells were subjected to the centrifugation at 13000rpm for 20mins at 4°C. The supernatant
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obtained was collected in fresh micro-centrifuge tubes and subjected to protein quantification.
Bicinchoninic acid (BCA) assay kit (GE Healthcare, USA) was used to quantify the protein
sample in the supernatant by taking bovine serum albumin (BSA) as a standard.

3.2.22 One-Dimensional (1D) polyacrylamide gel electrophoresis

The whole-cell protein lysates (75ug each) of treated/ untreated biofilm cells were
prepared in 6xLaemmli buffer (375mM Tris-Cl (pH 6.8), 9% (w/v) SDS, 50% (v/v) glycerol,
9% (v/v) B- mercaptoethanol and 0.03% (w/v) bromophenaol blue) and separated using a 5%
stacking (0.063M Tris-Cl (pH 6.8), 5% (w/v) acrylamide, 0.1% (w/v) SDS, 0.12% (w/v)
ammonium per sulphate and 0.17% TEMED), 12% resolving (0.38M Tris-Cl (pH 8.8), 12%
(w/v) acrylamide, 0.1% (w/v) SDS, 0.12% (w/v) ammonium persulphate and 0.17% TEMED)
1D sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) at a constant 90V. After
separation, the gel was fixed, stained with comassie brilliant blue R-250, destained and imaged
using a Gel Doc XR+ system (Bio-Rad) and differentially expressed proteins were selected for
further identification. Protein bands of interest were excised and in-gel digested with trypsin
(Promega, Madison, W1, USA) as described previously (Shevchenko et al., 2006).

3.2.23 Two-dimensional (2D) polyacrylamide gel electrophoresis

For 2D polyacrylamide gel electrophoresis (2D-PAGE), the manual of BioRad
Laboratories was followed. The protein samples were cleaned up using 2D clean-up kit
(BioRad, USA). After clean up the proteins were quantified using the RC/ DC kit (BioRad,
USA) and proceeded for isoelectric focusing (IEF). 50ug of each sample was dissolved in
200puL of Rehydration buffer 1l (BioRad, USA) containing 7M Urea, 2M thiourea, 4% CHAPS,
50mM dithiothreitol (DTT), 0.1% (v/v) ampholytes and 0.001% (w/v) bromophenol blue
(BPB). The complete dilution of the samples in rehydration buffer was ensured before loading
it on 7cm immobilized pH gradient (IPG) strips. The samples were then loaded on IPG strips
and allowed to passively rehydrate for 16h at 20°C. After 16h, the IPG strips were subjected to
IEF in Protean IEF cell (BioRad, USA) at 20°C. The focusing program was set at 250V,
linearly for 30mins, followed by 500V, linear for 2h, then a rapid increase at 8000V to a
maximum of 15000V/ h and lastly held at 4°C for 10h. Following IEF, the IPG strips were
equilibrated in prescribed equilibration buffer I and 1I, respectively, for 20mins each.
Equilibration buffer I consist of 1.5M Tris-Cl (pH 8.8), 7M Urea, 2% (w/v) SDS, 20% (v/v)
glycerol and 1% (w/v) DTT was used for reduction of IPG strips. Equilibration Buffer Il

whereas consisted of 4% iodoacetamide (IAA) in places of 1% DTT of Equilibration Buffer |
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for alkylation of the reduced IPG strips. After equilibration, the IPG strips were introduced to
the second-dimensional separation of proteins. The IPG strips were rinsed in running buffer by
dipping it twice in 1xTris-Glycine buffer using a forceps. The strip was carefully placed over
the 12% polyacrylamide gel and over-layered with 0.5% agarose gel containing BPB to track
the movement of protein samples. The gel was run for 1.5h at a constant 125V in Mini-protean
gel apparatus (BioRad, USA). After the second dimension electrophoresis, the gel was stained
using the silver stain using mass spectrometry compatible silver stain (Stochaj, Berkelman and
Laird, 2007).

3.2.24 Imaging of the gel and software analysis

The 2-D gels were imaged using a GS-800 gel scanner (BioRad, USA). The image was
selected for silver stain and exported with a resolution of 600dpi. The comparison of gels was
performed using PDQuest analysis software for spot measurements. The gels were run in
replicates and a master gel was selected. Proteins spots between the group gels were analysed
by using default parameters of the software. After background removal, the spot detection and
matching parameters were set by selecting large, faint and small spots with a sensitivity of 21
and scale size of 5. The Gaussian model was used during the test to find the spot centres. The
individual spot volume was normalized for each resolved protein spot against total spot volume
and area in the gel. The protein spots which were differentially expressed by at least 1.5-fold in
the mean normalized spot volume were excised for identification. Student’s t-test was

performed for statistical analysis.
3.2.25 In-gel trypsin digestion and peptides extraction

The in-gel trypsin digestion was performed using a previously described protocol
(Shevchenko et al., 2007). The spots excised from the gel were destained in the solution with a
1:1 ratio of potassium ferrocyanide (30mM) and sodium thiosulphate (100mM). The spots
were washed using mass spectrometric (MS)-grade water and were incubated in ammonium
bicarbonate (ABC) (25mM) and acetonitrile (ACN) for 10mins at room temperature and 40%
(v/v) ACN for 5mins followed by 100% (v/v) ACN. The spots were further reduced with
10mM DTT at 45°C for 20mins in ABC (25mM) and 20% (v/v) ACN followed by incubation
of gel in 100% (v/v) ACN. The alkylation of the spot was done using 40mM IAA in 25mM
ABC and 20% (v/v) ACN in dark at room temperature. The spots were further incubated in
100% (v/v) ACN, 25mM ABC and 20% (v/v) ACN and 100% (v/v) ACN, respectively. The
spots were then kept on ice for 10mins. Afterwards, 25ug/mL trypsin in 30mM ABC was
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added to the spots and kept at 4°C for 1h to facilitate gel absorption without enzyme activity.
After incubation, the excess enzyme was removed and the gel spots were covered with 30mM
ABC and kept at 37°C for 12h. After 12h, 0.1% (v/v) formic acid was added to the spot and
supernatant was collected in a fresh micro-centrifuge tube. 100% ACN was added to the spot
gel and supernatant was recovered after 10mins of incubation. 0.1% (v/v) formic acid was
added again to the gel and supernatant was collected. The collected supernatant was dried out
using Concentrator plus, Eppendorf, Germany. The protein samples were further used for
protein identification.

3.2.26 Protein Identification and database search using mass spectrometry

For mass spectrometer analysis, the samples were prepared by reconstituting the dried
peptides into TA 40 (40% ACN and 60% of 0.01% trifluoroacetic acid (TFA)). The samples
were mixed in a 1:1 ratio with HCCA (alpha-cyano-4-hydroxy-cinnamic acid) matrix for
ionization and spotted on a ground steel plate. The identification of proteins was carried out by
ultrafleXtreme matrix-assisted laser desorption ionization reflecting (time of flight) (MALDI-
TOF/TOF) mass spectrometer (Bruker Daltonics, Germany) equipped with 60-Hz nitrogen
laser in the positive mode (Lewis, Wei and Siuzdak, 2006). The reflector method was selected
with a mass range of m/z 700 to 3500Da. External calibrations was performed using peptide
standard provided by Bruker Daltonics, Germany and saved in the method. After calibration,
mass spectra for each sample were recorded using FlexControl software (version 2.0). The
obtained spectra were analysed using FlexAnalysis software (version 2.0). The background
noises, keratin contamination and peptide from trypsin autolysis were cleared from the mass
list. Further, the protein identification was performed using the generated peak list of trypsin-
digested peptides. The peak list files were subjected to the Mascot Server 2.4
(http://lwww.matrixscience.com) for NCBI database search. The search parameters were set as
follows: 1) only 1 missed cleavage allowed, 2) fixed modification of carbamidomethyl
cysteine, 3) methionine modification as a variable, 4) peptide charge to be +1, 5) 200ppm of
peptide tolerance, and 6) 0.7Da of MS/ MS tolerance. The identified peptides and proteins were
evaluated using probabilistic MASCOT scoring and p< 0.05 was considered significant.

3.2.27 1D *H-NMR Analysis of extracellular matrix

The silicon elastomer infected with C. tropicalis biofilm with/ without citral (16ug/mL)
treatment were collected in 10mL of deionized water and subjected to the water bath sonication

for 5mins followed by vortexing for 1min and the resultant supernatant was collected in a
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micro-centrifuged tube. The supernatant was centrifuged at 4000rpm to pellet down the cells
and extracellular matrix (in the supernatant) was collected in a fresh microcentrifuge tube. The
obtained extracellular matrix of both control and citral-treated samples were lyophilized using
Freeze Dryer (BioBase, China). For NMR analysis, the samples were prepared by adding
500uL of D,O to the lyophilized cell extracts to avoid water peaks in NMR spectra. Standard
DSS (4, 4-dimethyl-4-silapentane-1-sulfonic acid) was added to the treated sample as a

chemical shift indicator to set the reference at Oppm for 1D *H NMR spectra.

To study the changes in the extracellular matrix, Carr-Purcell-Meilboom-Gill (CPMG)
1D experiment was employed to see the variation in the metabolites (Lindon et al., 2000). The
spectra were recorded at 25°C on a Bruker AVANCE 500 MHz NMR spectrometer, Germany,
equipped- with a triple resonance (*H, **C, **N) probe having a Z-axis shielded gradient. *H
CPMG NMR spectra were recorded with 1024 scans and 65536 data points for both the control
and citral-treated NMR samples. The phasing and baseline correction of thus obtained ‘H-
CPMG-NMR spectra was done by TopSpin 3.5 software. The obtained mass list was checked
with Biological Magnetic Resonance Data Bank (BMRB), online available software, in order to
identify the metabolites. The peaks on the spectra were annotated using TopSpin 3.5 software.
All the experiments were done in seven technical replicates and analysed using Metaboanalyst
(v3.0) software. Orthogonal PLS-DA was performed to compare the metabolite variations.

Statistical significance was further tested using student’s t-test.
3.2.28 Statistical analysis

All of the experiments were performed in triplicates and were expressed as mean values
with the corresponding standard deviations (SD). Statistical significance between treated and
control groups was analyzed by one-way analysis of variance (ANOVA) with a p-value of p<
0.05 using SigmaPlot 14.0 software.
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Chapter 4
RESULTS

4.1 In vitro biofilm formation of Candida tropicalis and its inhibition by

selective terpenes

Candida biofilm has shown more resistance to the antifungals agents than their
planktonic counterparts. This resistance of biofilm against synthetic antifungal agents makes it
crucial to find out more from the arsenal of natural products such as terpenes. In several
studies, these terpenes have been ascertained with strong antifungal actions against Aspergillus
species, Saccharomyces cerevisiae and Candida species. However, their antibiofilm activities
against Candida species have not been completely investigated. So far, this is the first study to
demonstrate in vitro antibiofilm activities of selective terpenes i.e. geraniol, menthol, citral,

cinnamaldehyde, carvacrol, eugenol, and thymol against C. tropicalis were monitored.

4.1.1 Growth curve of C. tropicalis biofilm formation

The growth of C. tropicalis biofilm formed on polystyrene as well as silicone elastomer
was quantified and observed to be matured at 48h. The standard in vitro procedures were
followed to study the growth pattern of C. tropicalis biofilm on two different substrates. The
growth has appeared as a sigmoidal curve with lag phase (6h), log phase (24h) and plateau
phase (48h) after which the growth became stagnant as shown in Figure 4.1. The formation of
biofilm consists of three distinguished phases, namely adherence phase (up to 4h) followed by
intermediate phase (24h) and maturated phase (48h) as observed using bright-field microscopy.
Adherence of the cells takes place in the first 4h and can be seen as cells get attached to the
substratum. As the biofilm proliferates, cells start forming micro-colonies by aggregating
themselves. Further, the cells initiate secretion of extracellular matrix to intensify the virulence
and development of resistance against antifungal agents in later stages. Since, both the
substrates were showing similar growth Kinetics, the polystyrene plates were used as substrates
for biochemical assays whereas, silicone elastomers were considered for further morphological
analysis using previously optimized protocols for in vitro biofilm studies. The three stages of
biofilm formation are depicted in Figure 4.2 A-C. The matured form of biofilm possesses high
confluency of cells which are tactfully structured in order to provide better nourishment and
survival of the cells. In Figure 4.2 D, E, the in vitro matured biofilm were visualized and
considered for the screening of the selected terpenes.
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Figure 4.1 Biofilm formations of C. tropicalis on different substrates

Figure 4.2 Bright-field microscopic images of C. tropicalis biofilm: A. Adhesion phase 6h (60 x); B.
Intermediate phase, 24h (60x); and C. Mature phase, 48h (60%). Scale: 50pum. Scanning electron
microscopic (SEM) images of C. tropicalis biofilm grown on substrate reveals the surface topology: D. cell
confluence on the substrate; and E. presence of extracellular matrix as indicated by the white arrow
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4.1.2 Antifungal activities of terpenes against C. albicans and C. tropicalis

The activities of seven terpenes namely geraniol, menthol, citral, cinnamaldehyde,
carvacrol, eugenol, and thymol were tested. The MIC values were determined for all the
terpenes. The planktonic cells were grown in Sabouraud’s dextrose broth following standard
CLSI method. C. tropicalis and C. albicans cells were grown in serially double diluted
concentrations of each terpene (0- 1024pug/mL) in the flat bottom 96-well plates. The MICs is
defined as the concentration with 50% cell growth, in contrast, to the control or untreated
sample. MICs, values for different terpenes are represented in Table 4.1, calculated with
acceptable standard deviations. Citral and thymol were found to have the lowest MICs, values
as 32ug/mL and 16pg/mL, respectively, and were more effective against C. tropicalis in
comparison to C. albicans. Even higher concentrations were required to completely inhibit cell

growth. All experiments were done in triplicates to minimize the errors.
4.1.3 Inhibition of biofilm formation and eradication of preformed biofilm

The in vitro antibiofilm activities of terpenes against C. tropicalis were examined as
represented in Table 4.1. The terpenes were used in serially doubled diluted concentrations (0O-
1024pg/mL) and their inhibitory concentrations were evaluated. To know the inhibitory effect
of terpenes on the formation of biofilm of C. tropicalis, the terpenes were added at the initial
stage of biofilm formation. However, the effect of respective terpenes on preformed (matured)
biofilm was checked when the biofilm was formed up to 24h i.e. inter-mediate phase and
treated with serial double dilutions (0-1024ug/mL) of terpenes. BICso and BECso were defined
as the concentration at which 50% of the cells are metabolically active. Interestingly, among
all, citral and thymol were observed to be more effective against C. tropicalis rather than C.
albicans. The calculated BICsy was 64pg/mL when treated with citral and 32pg/mL in the
presence of thymol. Moreover, the effective BECs, was calculated to be 128ug/mL for both
citral and thymol against C. tropicalis biofilm. On comparing the BICso and BECs values, it
was observed that citral required two-fold whereas thymol needed a four-fold higher
concentration for the eradication of the biofilm (Figure 4.3). Therefore, thymol is more
effective in inhibiting the biofilm formation and became less competent on preformed biofilm.
The robust habitat of matured biofilm is responsible for its survival ultimately leading to

resistance against antifungal drugs.
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Table 4.1 Calculated Minimum Inhibitory Concentrations (MICs), Biofilm Inhibitory Concentrations
(BICs) and Biofilm Eradicating Concentrations (BECs) of tested terpenes and fluconazole. #Values
represent the arithmetic means (p< 0.05) of the effective concentration against planktonic cells and biofilm

# MICs, BICs and BECs (ug/mL)

Microorganisms Alcoholic Aldehydic terpenes Phenolic terpenes Azole
terpenes
Candida spp. Geraniol Menthol Citral Cinnamaldehyde Carvacrol Eugenol Thymol  Fluconazole

Minimum Inhibitory Concentration (MICsp)

C. albicans 32 64 64 128 64 64 32 16

C. tropicalis 64 128 32 256 128 128 16 32

Biofilm Inhibitory Concentration (BICsp)

C. albicans 128 128 128 128 128 128 128 64

C. tropicalis 128 256 64 512 256 256 32 128

Biofilm Eradicating Concentration (BECsp)

C. albicans 512 256 256 256 256 256 256 128
C. tropicalis 256 512 128 >1024 512 512 128 256
Citral Fhymol
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Figure 4.3 Trends of biofilm inhibition and eradication effects of citral and thymol
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4.1.4 Effect on cell surface hydrophobicity and auto-aggregation of C. tropicalis in the

presence of terpenes

The values of the hydrophobicity index of all the terpenes generated by fractionation in
xylene (hydrophobic) and aqueous (hydrophilic) phases are shown in Table 4.2. A reduction in
cell surface hydrophobicity was recorded for planktonic cells of C. tropicalis when briefly
exposed to a sub-MICsy concentration of these terpenes. Here, the results demonstrated a
decrease in cell surface hydrophobicity of C. tropicalis that would allow lesser biofilm
formation indicating the possible application of these terpenes as antifungal agents in clinical
settings. The decrement in auto-aggregation of cells also depicts the limiting biofilm formation
in the presence of these terpenes. The behaviour of C. tropicalis cellular adhesion and reduction
in hydrophobic properties is, in fact, an outcome of the reduction in surface hydrophobicity.
Therefore, the use of selected essential oils seemingly represents as promising antifungal agents

with reduced biofilm production by C. tropicalis.

Table 4.2 Representing Hydrophobicity Index (HI) and auto-aggregation of C. tropicalis yeast cells

Terpenes HI (%) Auto-aggregation (%)
Control (0 pg/mL) 97.19+ 3.38 95.45+ 2.41
Alcohol Geraniol (32 pg/mL) 55.38+ 2.57 53.78+ 1.09
Menthol (64 pg/mL) 53.26% 1.25 50.19+ 2.42
Aldehyde Citral (16 pg/mL) 58.59+ 2.63 54.69+ 2.16
Cinnamaldehyde (128 pg/mL) 50.30+ 3.60 47.74+ 3.52
Phenol Carvacrol (64 pg/mL) 56.41+ 2.49 51.38+ 2.35
Eugenol (64 pg/mL) 52.93+1.34 49.7+ 1.51
Thymol (8 pg/mL) 54.98+ 3.31 51.44+ 2.37

4.1.5 Time-kill kinetics of terpenes against C. tropicalis

The antifungal potencies of terpenes were studied by kill kinetics against yeast cells of
C. tropicalis. The growth kinetics of C. tropicalis was carried out at MICsy concentrations of
geraniol, menthol, citral, cinnamaldehyde, carvacrol, eugenol and thymol, respectively. The kill
kinetics profiles as shown in Figure 4.4, depicts the fungicidal effects of these terpenes towards
C. tropicalis. The reduction of cell viability was calculated to be > 2.5 logs after 2h exposure.
However, in the presence of terpenes C. tropicalis showed > 1.5 logs reduction in viable cell

count relative to the initial inoculum after 1 h whereas, on treating with amphotericin B, the
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reduction of viable cell count was > 2.5 log after 1h and > 3.5 logs after 2h of exposure, in
comparison to the control.
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Figure 4.4 In vitro time-kill curves of C. tropicalis when treated with terpenes and amphotericin B.
Reduction of > 2.5 -3.5 log cells has been observed in yeast cells when treated with MICs, of these terpenes

4.1.6 Morphological changes in C. tropicalis biofilm on administration of terpenes

The changes in C. tropicalis biofilm and their cellular surfaces were visualized using
SEM imaging. Control (Opg/mL) biofilm image showed a complex biofilm structure with
clustered cells surrounded by extracellular matrix as given in Figure 4.5A. On treatment with
BECs, of these terpenes, the biofilm cells were damaged which could possibly lead to the
rupture of outer membrane creating a deformed morphology as represented in Figure 4.5 B-I.

These morphological alterations of the cells could be associated with loss of cell membrane
integrity resulting in cell death.

62



Figure 4.5 Scanning electron microscopic (SEM) images showing damage to C. tropicalis biofilm: A.
control biofilm (Opg/mL); B. amphotericin B (4pg/mL); C. geraniol (256pg/mL); D. menthol (512pg/mL);
E. citral (128ug/mL); F. cinnamaldehyde (1024pg/mL); G. carvacrol (512ug/mL); H. eugenol (512pg/mL);
and I. thymol (128pg/mL). #Red arrows indicate cellular deformities

4.2 Deciphering the probable mode of action of citral and thymol against C.

tropicalis biofilm

Based on the results obtained from the above-mentioned study, the comparative potentials
of citral and thymol against C. tropicalis were examined. The antibiofilm effect of citral and
thymol was recognized through biochemical assays and scanning microscopies to enlighten the
cellular alterations. There are established key genes such as ERG11, SOD1, ENO1, and CNB1
etc. which were documented to be in association with drug resistance in order to reduce the
effect of well-known drugs involvement in major pathways followed by C. tropicalis. The
relative expression of these key genes was also investigated to get the insights into the plausible
mechanism for its survival during treatment by these two components.
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4.2.1 Citral and thymol indicated no direct binding to the cell membrane but thymol

acts via cell wall

The antibiofilm activity of citral and thymol against C. tropicalis was tested in vitro and
their effects were studied through XTT reduction method. To calculate the inhibitory effect on
the biofilm formation of C. tropicalis, both citral and thymol were added at the initial stage of
biofilm formation. The C. tropicalis planktonic cells and its biofilm were grown in serially
double diluted concentrations (0-1024ug/mL) of the citral and thymol and the minimum
inhibitory concentration values (MICs) were determined as shown in Table 4.3. It was observed
that citral (MICso = 32ug/mL) and thymol (MICsy = 16ug/mL) were significantly effective

against planktonic cells of C. tropicalis.

For preformed biofilm, the components were added after 24h (log phase) of biofilm
formation. The BICs value for citral was determined to be 64pg/mL while thymol inhibited
biofilm formation at a lower concentration of 32ug/mL. The BECs, for both citral and thymol
were observed to be 128ug/mL as the effective concentrations to eradicate matured C.
tropicalis biofilm. Since citral and thymol have shown a good effect against planktonic cells
and biofilm forms of C. tropicalis, further, the morphological changes in the biofilm form were
examined.

Furthermore, the binding of citral and thymol to the fungal membrane sterol was ensured
through the change in inhibitory concentration values (ICs) of both agents for C. tropicalis in
the presence and absence of ergosterol. The exogenous ergosterol would prevent the binding to
the fungal membrane’s ergosterol if the activity of citral or thymol was instigated by binding to
ergosterol. The ICs enhancement when substituted with the exogenous ergosterol with respect
to the control assay was witnessed with no altercations in MICsg, BICso and BECsg as shown in
Table 4.3.

An osmotic stabilizer such as sorbitol in the media could reverse the antifungal effect of
the agents which targets the fungal cell wall. When the C. tropicalis was treated with both citral
and thymol in the media supplemented with sorbitol, the IC values were not affected in the
presence of citral. However, in the case of thymol, the shift of MICs, from 16pg/mL to
32pg/mL and BICsy from 32ug/ mL to 64pg/mL suggested that thymol would act as an

inhibitor of the cell wall synthesis or assembly.
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Table 4.3 IC values (ug/mL) of agents in the absence and presence of sorbitol (0.8M) and ergosterol
(400ug/mL) against C. tropicalis. Values represent the arithmetic means (p< 0.05) of the effective
concentration against planktonic cells and biofilm. Amphotericin B (positive control); NA: not tested in the
sorbitol assay, +: the presence of the fungal growth in medium plus sorbitol and no drug

Agents Sorbitol Ergosterol
Control Absence Presence Absence Presence

MICsp + 32 32 32 32
Citral BICs + 64 64 64 64
BECs + 128 128 128 128
MICs + 16 32 16 16
Thymol BICso + 32 64 32 32
BECs + 128 128 128 128
MICsp + NA NA 1 16
Amphotericin B BICsg + NA NA 4 32
BECs + NA NA 8 64

N Control ®Citral BEThymol BEFluconazole

120 -

100

Ergesterol content
(%)
=
=

BICS0 BECS0

Figure 4.6 Percentage of ergosterol content in C. tropicalis biofilm. Error bars denote standard deviation
(SD).*p < 0.05, **p < 0.01, ~"p < 0.005 when compared with the control
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4.2.2 Ergosterol content was unaltered in the presence of citral and thymol

The total ergosterol content was measured to determine the changes in the presence and
absence of citral and thymol. The content of ergosterol was not significantly altered when
exposed to citral and thymol at their respective BICso and BECs, values. However, there was a
decrease in the ergosterol content when the biofilm cells were treated with fluconazole, a well-
established inhibitor of ergosterol biosynthesis (Figure 4.6). A significant reduction of the
ergosterol content was observed in the C. tropicalis biofilm cells during fluconazole treatment
at BICsy (128ug/mL) and BECsy (256upg/mL) with a percent of 35.57% and 30.58%,
respectively. However, no significant reduction was detected at BICsp, and BECs, values of

citral and thymol.

4.2.3 FE-SEM and CLSM analysis displayed damage to the biofilm in the presence of
citral and thymol

The morphological changes of preformed C. tropicalis biofilm and their cellular surfaces
in the presence of BECs (128ug/mL) of citral and thymol were investigated. The morphologies
of the biofilm with and without treatment were observed when proceeded with the visualization
of mature biofilm through FE-SEM and CLSM analysis. During FE-SEM imaging, control
(Opg/mL) biofilm displayed complex structure with clustered cells surrounded by the
extracellular matrix as shown in Figure 4.7 A. However, during the treatment of amphotericin
B (4pg/mL); BECsy (128upg/mL) of citral and thymol, the biofilm exhibited deformed
morphology with cells having porous outer membrane as represented in Figure 4.7 B-D,

respectively.

During CLSM analysis, the combination of fluorescent dyes Con-A (selectively binds
mannose and glucose residues of cell wall polysaccharides) and FUN-1 (cytoplasmic probe for
cell viability) was used. CLSM images of control biofilm revealed dense and compact structure
which was green with Con-A staining cell wall and red with FUN-1 staining live cells,
conversely, with yellowish-green in colour in the presence of both Con-A and FUN-1 i.e. dual
stain. However, when treated with citral and thymol at BECs i.e. 128ug/mL, reduction in

dense live cells and more green cells/ broken cell walls as debris was observed as in Figure 4.8.
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Figure 4.7 Images through field emission scanning electron microscopy (FE-SEM) (Magnification: 7000x,
Bar: 2um) of C. tropicalis biofilm: A. control (1% DMSO) with densely clustered healthy cells; B.
amphotericin B (4pg/mL); C. citral (128ug/mL); and D. thymol (128ug/mL), cells are more porous and
flaccid with loosen cell surface. # Black arrows show pores in the cells

Con-A FUN-1 Dual 3D

Control

Citral

Thymol

Figure 4.8 Confocal laser scanning microscopic images (CLSM) of C. tropicalis biofilm; dual stained: CON-
A (Excitation: 488, Emission: 505), staining polysaccharide walls, green and FUN-1 (Excitation: 470,
Emission: 590), staining metabolically active cells, red; thus dually staining yellowish-green colour of
healthy biofilm as control (1% DMSO). Power field: 40x; Scale Bar: 50um
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Furthermore, COMSTAT analysis depicted the lower biomasses in the presence of
both citral and thymol, less thickened biofilm at the matured stage and lesser substratum
coverage when compared to the healthy biofilm. Also, the surface to bio-volume ratio was
increased showing less biofilm formation during treatment as represented in Figure 4.9.

4.2.4 Impairment of the plasma membrane integrity of C. tropicalis biofilm cells in the

presence of citral and thymol

Terpenes are long known for their fungicidal as well as fungistatic components. Here,
the effect of citral and thymol on C. tropicalis biofilm cells was documented to be fungicidal.
The fungicidal effect of citral and thymol was recognized as depicted in Figure 4.10. The
biofilm cells of C. tropicalis, when incubated with citral, thymol, and amphotericin B were
studied for membrane permeabilization. C. tropicalis biofilm cell membrane is impermeable to
PI and hinders its uptake during healthy conditions. However, when the cell membrane is
compromised Pl uptake assay will indicate the fungal membrane permeabilization of the C.
tropicalis biofilm cells in the presence of antifungal agents. The fungicidal effects of citral,
thymol, and amphotericin B were studied using FACS analysis where Pl uptake by cells was
monitored to confirm the cytotoxicity of effect on C. tropicalis biofilm cells.
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Citral-All Events PE-A
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Figure 4.10 Fungicidal effects of citral and thymol on C. tropicalis biofilm cells

The PI staining of the cells and broading of PE-A corresponds to cellular death. The
obtained data thus suggested the toxicity of amphotericin B slightly higher than citral and
thymol. Also, citral and thymol required more doses (16pg/mL and 8ug/mL, respectively) to
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kill the biofilm cells in comparison to amphotericin B (4pug/mL). Therefore, citral and thymol
act in a fungicidal manner when introduced to the biofilm cells of C. tropicalis as drug similar

to that of amphotericin B.
4.2.5 Citral and thymol generated reactive oxygen species (ROS)

Here, thymol has shown significant increment in the ROS production than citral as
represented in Figure 4.11. The production of ROS determines the status of mitochondrial
dysfunction in the presence of antimicrobial agents. The measurement of ROS generation was
done by employing CM-H2DCFDA fluorescent molecule which is sensitive to redox changes.
C. tropicalis biofilm cells were incubated with citral, thymol, and amphotericin B at their
respective BICsy and BECs,. The positive result explained one of the factors introduced by
citral and thymol during treatment. Therefore, the antibiofilm activity of citral and thymol
corresponds to the oxidative stress which could be a cellular response against these

components.
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Figure 4.11 Graphical representation of the DCFDA fluorescence of C. tropicalis biofilm representing
reactive oxygen species (ROS) production during treatment of amphotericin B, citral and thymol. Error
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bars denote standard deviation (SD).*p < 0.05, **p <0.01,  p < 0.005 when compared with the control

4.2.6 Enzymatic activities of catalase (CAT), peroxidase (POD) and superoxide
dismutase (SOD) during citral and thymol treatment

As discussed earlier, the levels of ROS of C. tropicalis biofilm tends to elevate in

response to citral and thymol. Henceforth, the antioxidant enzyme activities of CAT, POD and
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4.12 A-C). A significant rise in the enzymatic activities of CAT, POD and SOD was observed

SOD which are responsible for eradication these ROS, were assessed. The activities of all the
three antioxidant enzymes were increased by 1.5 — 2.5 folds in comparison to control (Figure

in comparison to that of control.
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Figure 4.12 Elevation in the activities of antioxidant enzymes in response to citral and thymol: A. Catalase
(CAT); B. Peroxidase (POD); and C. Superoxide dismutase (SOD). Error bars denote standard deviation
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4.2.7 Occurrence of lipid peroxidation in the presence of citral and thymol

The lipid peroxidation is a consequence of oxidative stress with an increase in
the level of ROS. In the presence of citral and thymol, the level of lipid peroxidation in
C. tropicalis biofilm cells were elevated as calculated using TBARS assay which

indicated the significant increase in the amounts of MDA (Figure 4.13).
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Figure 4.13 Lipid peroxidation in the presence of citral and thymol. Error bars denote standard deviation
(SD).*p < 0.05, **p < 0.01, ~"p < 0.005 when compared with the control

4.2.8 DNA damage in C. tropicalis biofilm cells on treating with citral and thymol
The alkaline yeast comet assay was applied to study the protective capacity of

DNA against oxidative stress induction by citral and thymol. C. tropicalis biofilm cells
when treated with citral (64pg/mL), thymol (32ug/mL), H,O, (5mM) were considered.

Figure 4.14 DNA damage visualization through comet tailing: A. control (Opg/mL); B. citral
(64pg/mL); C. thymol (32pg/mL); and D. H,0O, (5mM). # Yellow arrow indicates the comet tail
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The damage to the DNA in C. tropicalis biofilm cells was visualized through comet
tailing during treatment in comparison to a positive control (H,O, (5 mM)) and negative control
(O pg/ mL). The control cell with no treatment displayed no tailing in the biofilm cells whereas

treated cells had distinct comet tail similar to the positive control (Figure 4.14).

4.2.9 Citral upregulated ERG11/ CYT450 genes whereas thymol upregulated CNB1 and
SOD1 genes

The relative gene expression of ENO1, ALD5, ERG11, CYT450, KGD2, SOD1, and CNB1,
responsible for major antifungal tolerance mechanism were evaluated as depicted in Figure
4.15.
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Figure 4.15 Effect of citral and thymol on the relative expression of the selected genes in C. tropicalis. Error
bars represent standard deviation (SD). *p< 0.05, **p< 0.01, and ***p< 0.005 in comparison to the control

4.3 In silico molecular modelling and docking analysis of lanosterol-14-a-

demethylase (Ergl1p) from C. tropicalis with citral

As mentioned before, the activity of citral is not through direct ergosterol binding but
could possibly involve in the hindrance of ergosterol biosynthesis. The in silico screening of

natural compounds have accelerated the process of drug discovery which assists in the
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development of alternative drugs in reduced time. Considering the above facts, in the present
study, the homology model of well-known azole drug target Ergllp of C. tropicalis was

employed to unravel the interaction between citral and lanosterol-14-a-demethylase (Erg11p).
4.3.1 Protein sequence was retrieved from NCBI database

CtErgllp, a total of 528 amino acids, was retrieved in FASTA format from NCBI
database (Figure 4.16). The sequences of similar proteins to the query CtErgllp were acquired
through PDB search using BLASTp resulting in a large number of sequences. The best two
matches of the query (CtErgllp) were taken into consideration. Both the sequences were of
same gene Ergllp bound to heme (porphyrin ring) and two different azole drugs. The
CaErgllp complexed with itraconazole (PDB ID: 5V5Z) and posaconazole (PDB ID: 5FSA),
respectively, were considered the best templates for the query sequence. 5V5Z was bound to
itraconazole and had 537 amino acids whereas; 5FSA was bound to posaconazole and had 490

amino acids along with heme ligand in both.

>AMR44151.1 cytochrome P450 lanosterol 14-alpha-demethylase [Candida
tropicalis]
MAIVDTAIDGINYFLSLSLTQQITILVVFPFIYNIAWQLLYSLRKDRVPMVFYW
IPWFGSAASYGMQPYEFFEKCRLKYGDVFSFMLLGKVMTVYLGPKGHEFIYN
AKLSDVSAEEAYTHLTTPVFGKGVIYDCPNSRLMEQKKFAKFALTTDSFKTY
VPKIREEVLNYFVNDVSFKTKERDHGVASVMKTQPEITIFTASRCLFGDEMRK
SFDRSFAQLYADLDKGFTPINFVFPNLPLPHYWRRDAAQRKISAHYMKEIKRR
RESGDIDPKRDLIDSLLVNSTYKDGVKMTDQEIANLLIGVLMGGQHTSASTSA
WFLLHLAEQPQLQDDLYEELTNLLKEKGGDLNDLTYEDLQKLPLVNNTIKET
LRMHMPLHSIFRKVMNPLRVPNTKYVIPKGHYVLVSAGYAHTSDRWFEHPE
HFNPRRWESDDTKASAVSFNSEDTVDYGFGKISKGVSSPYLPFGGGRHRCIGE
QFAYVQLGTILTTYIYNFKWRLNGDKVPDVDYQSMVTLPLEPAEIVWEKRDT
CMV

Figure 4.16 FASTA sequence of the query CtErgllp retrieved from NCBI (528 amino acids)
4.3.2 Query and template sequence alignment and prediction of secondary structure
The secondary structure of the modelled protein is defined as described previously
(Kabsch and Sander, 1983). The overall structure and secondary patterns observed was similar

to that of CaErgllp. The multiple sequence alignment (MSA) file was prepared using FASTA

sequences of all three in .txt format and was converted into a .aln file.
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Figure 4.17 Multiple sequence alignment (MSA) of the deduced amino acid sequence of C. tropicalis Ergllp
with 5V5Z and 5FSA with helix (coil) and B-sheets (arrow)
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Figure 4.18 Secondary structure of CtErgllp predicted using PDBsum represented as A. cartoon;
primary sequence comprising of helix (ribbon) and B-sheets (solid lines) and B. graphical image; helix
(pink coloured arrow) and B-sheets (red coloured cylinder)

5V5Z and 5FSA templates have the sequence homology with 83.11% and 83.09% identity,
respectively. The resulting .aln file was considered for secondary structure predictions (Table
4.4). The predicted secondary structure through sequence alignment of CtErgllp is mostly
identical to that of 5V5Z as shown in Figure 4.17. The secondary structure was composed of 5
B-sheets, 4 B-hairpins, 1 - bulge, 15 B-strands, 23 a-helixes, 40-helix interacts, 38 - turns and
4 y-turns (Figure 4.18).

Table 4.4 Amino acid residues present in the principal motifs of the protein

Motifs Amino acid position
a6-1 sheet 374-381
I helix 295-317
Meanderl 131-137
Bhelix 120-130
al-5-B’ loop 114-119
FG loop 210-260
F helix 220-231
AB-2 sheet 507-512
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4.3.3 Homology modelling and structure validation of CtErgllp

The three-dimensional model (3D) of CtErgllp was constructed for the ligand support
on the basis of the crystallographic structure of CaErgllp (5V5Z) as depicted in Figure 4.19.
3D model structures were retrieved, and the quality of each model was analysed using SAVES
server. SAVES server was used to determine the stereochemical properties of the modelled
CtErgl1p through ProSA plot, Verify-3D, ERRAT plot and Ramachandran plot (Colovos and
Yeates, 1993; Lovell et al., 2003; Wiederstein and Sippl, 2007).

In the PROCHECK result, the generated model was correctly passed and Verify 3D
results were revealed. Verify_3D has depicted 95.82% of the residues with an average 3D-1D
score greater than 0.2. These results demonstrated that the folding energy patterns of the
predicted CtErgllp model is in complete agreement and also supported the correctness of the
predicted model. Furthermore, ProSA server provides the Z score value which lies within the
range of scores generally found for the protein native 3D structures, determined by NMR and
X-ray crystallography (Figure 4.20). ProSA gives Z-score of -9.41 and -9 for the CtErgllp
model and the template 5VV5Z, respectively. Z-scores values of all experimentally determined
protein chains in the current PDB were used to check whether Z-score of the CtErgllp is

within the range of scores typically found for similar-sized native proteins.

\\
X

Helix T ha
: A’(\Z“], Porphyrin ring-heme group

Figure 4.19 A. Molecular model; cartoon representation of the generated 3D model of CtErgllp; helices
(firebrick coloured), p-strands (deep blue coloured) and connecting loops (salmon coloured) and porphyrin
ring (green coloured). B. porphyrin ring of CtErgllp
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Figure 4.20 ProSA-web Z-scores of the predicted 3D model of CtErgllip (black dot) in relation to all
proteins deposited in Protein Data Bank determined by X-ray crystallography (light blue) or NMR (dark
blue) with respect to their length, the plot showing only chains with less than 1000 residues and a Z-score
>10
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Figure 4.21 ERRAT plot of the CtErg11p showing the overall quality factor or ERRAT score of the model
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In the ERRAT plot analysis, the overall quality factor value of the CtErgl1p model was
found 94.6% which indicated the good quality of the predicted model, where good resolution
structures always show value ~ 95% or higher value (Figure 4.21). Furthermore, Ramachandran
plot of the generated 3D model clearly indicated that the backbone dihedral angles @ and ¥ in
the CtErgl1lp model were reasonably accurate (Figure 4.22). The residues in the outliers could
be ignored due to their absence near the active site and ligand non-binding. Root mean square
deviation (RMSD) was calculated to be 0.11A between the main chain atom of CtErgl1p and
template (5V52Z) showing close homology and ensured the reliability of the predicted model.
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Figure 4.22 Ramachandran plot of the predicted 3D model of CtErgllp

Table 4.5 Ramachandran plot statistics |

No. of Residues Percentage
Most favoured regions [A, 394 89.1%
B, L]
Additional allowed regions 43 9.7%
[a, b, I, p]
Generously allowed regions 3 0.7%
[~a, ~b, ~I,~p]
Disallowed region [ XX] 2 0.5%
Number of non-glycine and 442 100%
non-proline residue
End-residues (exclusive Gly 3
and Pro)
Glycine residues 29
Proline residues 27
Total no. of residues 501
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Table 4.6 Ramachandran Plot statistics 11

Dihedral angles

Phi-psi distribution -0.04

Chil-chi2 distribution -0.17

Chil only -0.02

Chi3 & chi4 -0.51

Omega -0.88
Main-chain covalent forces

Main-chain bond length 0.61

Main chain Bond-angles -0.20

Overall average -0.14

Table 4.7 Main-chain parameters plot statistics

Stereo- No. of Parameter  Typical Bandwidth No. of
chemical data value value bandwidths
parameters points from mean
Percentage of 442 89.1 88.2 10.0 0.1 Inside
residues in A,
B, L
Omega angle 498 7.2 6.0 3.0 0.4 Inside
st dev
Bad contacts/ 5 1.0 1.0 10.0 -0.0 Inside
100 residues
Zeta angle st. 471 2.0 oy | 1.6 -0.7 Inside
dev
H-bond energy 337 0.8 0.7 0.2 0.4 Inside
st. dev
Overall G- 501 -0.1 -0.2 0.3 0.1 Inside
factor
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The Ramachandran plot was assessed using SAVES server. Ramachandran plot
statistics | was based on the analysis of 118 crystal structures of resolution 2.0A and R factor is
greater than 20 (Table 4.5, Table 4.6, Table 4.7). A good quality model would expect to have
approximately 90% in the most favoured region (A, B, L) and additional allowed regions.

4.3.4 Specification of the model selected for docking studies

The heme group in the CtErgl1lp model was bound inside the active site of the protein
through hydrogen, van der Waal’s and hydrophobic linkages. The hydrophobic residues such as
PHE-156, LEU-376, LEU-167, VAL-500, PHE-491 and ILE-488 which were present in the
core of the protein were associated with the heme ring. The CYS-470 was the principal amino
acid residue in the cysteine pocket which provides the axial thiolate ligand for the heme atom.
TYR-132, LYS-156, ARG-388 were associated with the heme group through hydrogen
bonding, which maintains the spatial arrangement deep in the protein.

4.3.5 Molecular docking studies of CtErgllp

The two isomers of citral namely neral and geranial and itraconazole, which were used
for molecular docking studies are represented in Figure 4.23. The binding analysis was
performed after docking both the ligands to the modelled 3D structure of CtErgllp. The

isomers represent different bonding associations with amino acid residues of the CtErgl1p.

A

Figure 4.23 Modeled structures of citral isomers: A. geranial and B. neral and C. itraconazole

The binding analysis was performed after docking both the ligands to the modelled 3D
structure of CtErgllp. The isomers represent different bonding associations with amino acid
residues of the CtErgllp and are listed in Table 4.8. Neral binds to a total of eight residues
yielding binding energy of - 6.3kcal/mol, whereas geranial binds to a total of six amino acid
residues and has a binding energy of - 6.7kcal/mol. HEM-601 is bound to both the isomers
through Pi-Sigma bond representing polar contacts to fix the isomers inside the binding pocket.
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However, amino acid residues: TYR-118, TYR-132 with alkyl bonds; PHE-126, ILE-131 and
also TYR-132 with Pi-alkyl bonds ; and THR-122, GLY-303 and LEU-376 with van der Waals
forces are bound to neral whereas, TYR-118, LEU-121 and LEU-376 with alkyl bonds; and
THR-122, TYR-132 with van der Waals forces to geranial shows close vicinity in 4 A distance.
These binding through hydrophobic interactions with the protein are continuous with the

hydrophobic nature of citral.

Table 4.8 Binding parameters of citral in association with CtErgl1p

S. No. Ligands Binding Interacting Residues
Energy
(kcal/mol)
1. Itraconazole -8.5 van der Waals: TYR-64, GLY-65,

LEU-87, TYR-118, LEU-121,
THR-122, PHE-233, GLY-307,
THR-311, SER378, TYR-505
Carbon Hydrogen Bond: HIS377,
SER-507

Alkyl/Pi-Alkyl: PHE-58, ALA-62,
PHE-126, ILE-131, PHE-228,
PRO-230, LEU-376, MET-508.
Amide-Pi/ Pi-Pi: ALA-61, TYR-
132, PHE-380

2. Neral (cis-citral) -6.3 van der Waals: THR-122, GLY-303,
LEU-376
Alkyl/ Pi-Alkyl: TYR-118, PHE-
126, ILE-131, TYR-132
Pi-Sigma: HEM-601

3. Geranial (trans-citral) -6.7 van der Waals: THR-122, TYR-132
Alkyl/ Pi-Alkyl: TYR-118, LEU-
121, LEU-376

Pi-Sigma: HEM-601

The docked models of neral and geranial are illustrated in Figure 4.24. The theoretical
interactions of neral and geranial with CtErgllp are hydrophobic and can target the azole
binding site in a similar way and may alter the ergosterol biosynthesis. Moreover, detailed
practical studies are required to modulate the interaction through these compounds or modified
forms of citral. This study predicts the probable interactive residues and binding affinities of
the isomers of the citral and could help to elaborate on the mechanism of action of citral on
CtErgllp.
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Figure 4.24 Docked poses of the CtErgllip A. itraconazole (pink stick); B. neral (yellow stick) and C.
geranial (blue stick) depicting interactive amino acid residues (green stick) and porphyrin ring with heme
(orange stick)

4.4 Delineating the differentially expressed proteins and variations in

extracellular matrix of C. tropicalis biofilm in response to citral

In the present work, C. tropicalis biofilm has been exposed to the sub-lethal
concentration of citral in order to elucidate the differences in the expression of the proteins in
the presence of citral to that of the healthy biofilm cells using proteomics approach. Here, the
one-dimensional and two-dimensional SDS-PAGE reference map of C. tropicalis comprehends
the identified proteins which were specifically induced in the presence of citral. The proteins of
interest were identified using mass spectrometry. Furthermore, the metabolic profiling of the
extracellular matrix of C. tropicalis biofilm has also been interpreted with variations during the

administration of citral.
4.4.1 Citral induces variation in the proteome of C. tropicalis biofilm cells

The differentially expressed proteins in the biofilm during the presence and absence of
citral were examined through protein profiling of the whole-cell extract of C. tropicalis biofilm.
1D gel images (Figure 4.25) indicated four distinct bands at ~ 85kDa, ~ 45kDa, ~ 37kDa and ~
21kDa, respectively, in the presence of citral when compared with untreated biofilm. The

obtained protein bands were identified by high throughput mass spectrometry.
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Figure 4.25 C. tropicalis proteins resolved using 1D gel electrophoresis. A. 1D gel image: Lane 1: molecular
weight marker (kDa) as indicated on the left side; Lane 2: control biofilm; and Lane 3: citral (16pg/mL) B.
zoomed subsets of the dotted box on the gel with distinct bands. Reference protein is shown in the yellow
box. Differentially expressed proteins that were identified by mass spectrometer are correspondingly
numbered in Table 4.9

Tandem Mass Spectrometry (MS/MS) has identified a reference protein and six proteins
with differential expression through MASCOT Server. A reference protein: Glyceraldehyde-3-
phosphate dehydrogenase (XP_002551368.1, Mw: 36.209kDa, Score: 87) with three peptides
(R.DPINIPWG.K, K.EATYEEICAAV K, K.IHVFQE.R) was observed with similar expression
in both the samples. Additionally, out of the six differentially expressed proteins; two were
associated with oxidative stress (Tsalp, Psa2p), two with amino acid biosynthesis (Met6p,
GlInlp), one with heme biosynthesis (Hem13p) and one with glucose metabolism (Enolp). The
differentially expressed proteins and their respective peptides are documented in Table 4.9.
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Table 4.9 Summary of the identified proteins using 1D bands with differential expressions in response to

citral
Band  Accession Protein® Functional Mw  Score® Identified peptides®
No. No.? description  (kDa)
1 XP_ 002546  methionine-  amino-acid  85.69 69 K.GQITAEEYEAFINKEIETV
146.1 synthesizing  biosynthesis VR.F
5-methyl M.VQSSVLGFPR.M
tetrahydro- R.YVRPPIIVGDVDRPK.A
pteroyl K.YDLAPIDVLFAMGR.G
triglutamate- K.AGVDVIQVDEPALR.E
homocysteine R.SDYLNWAAQSFR.V
methyltransfe K.AIENLPVAGFHFDFVR.V
rase (Met6p)
2 XP_002548 enolasel glucose 46.984 118 R.SGETEDTFIADLSVGLR.N
866.1 (Enolp) metabolism K.IQIVGDDLTVTNPIR.I
K.VNQIGTLTESIQAANDSY
AAGWGVMVSHR.S
2 XP_002545  glutamine amino-acid  42.090 60 K.VLAEYVWIDAEGNTR.S
775.1 synthetase biosynthesis
(Glnlp)
3 XP_002548 coproporphyr heme 37.087 41 M.VSPDQIHDTSFPIRER.M
314.1 inogen 11l biosynthesis K.GGVNISIVHGKLPPQAVT
oxidase R.M
(Hem13p)
4 XP_002547 peroxiredoxin  oxidative-  21.839 76 R.DYGVLIEEEGVALR.G
929.1 (Tsalp) stress K.DAQVLFASTDSEYTWLA
WTNVAR.K
4 XP_002545  protoplast oxidative- -~ 21.228 160  K.MHAPAKPDYPIASAETLT
791.1 secreted stress QYDAFLFGIPTR.F
protein 2 KJIAHNEYSTYGHITQLSR.A
precursor K.AFALQSNLEEIHGASAYG
(Pst2p) AGTFAGADGSR.Q

KVAITYSLYHHVAQLAEEE
K.K

3Protein accession numbers according to NCBI protein database; "Protein named and description according
to the C. tropicalis genomic database (CandidaDB); °Score based on NCBInr database using the MASCOT
server as MALDI-TOF data (p< 0.05); Peptides generated through Tandem Mass Spectrometry
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4.4.2 Differential expression of the proteome during citral administration

The difference between the proteome of the biofilm cells of C. tropicalis in the
untreated and citral-treated conditions has been elaborated. In two-dimensional PAGE, a total
of 25 proteins were differentially expressed i.e. up- or downregulated by more than 1.5 times in
whole proteome analysis of untreated and citral-treated C. tropicalis biofilm as represented in
the two-dimensional gel electrophoresis (2DE) reference map (Figure 4.26).

Out of these 25 proteins, three were of amino acid biosynthesis; one nucleotide
biosynthesis; three of carbohydrate metabolism; one of sterol biosynthesis; one heme
biosynthesis; six involved in energy metabolism; five proteins were related to the oxidative

stress and remaining five were belonging to the biofilm formation (Table 4.10).

Figure 4.26 Two-dimensional gel electrophoresis (2DE) reference map of citral-induced differentially
expressed proteins of C. tropicalis biofilm cells. A. Left: control; Right: citral (16ug/mL) and B. Left:
control; Right: citral (16pg/mL). Red circled spots; green circled spots and blue squared spots represent up-
regulated; down-regulated; and uncharacterized proteins, respectively
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Table 4.10 Summary of the identified proteins using 2D spots in differential expressed proteome of C.
tropicalis biofilm cells in the presence of citral

Spot  Accession  Protein® pl Mw Score’ Identified peptides® Fold
No. No.? (kDa) Change
Amino acid biosynthesis
4 XP_00254 methionine- 543 85.69 69 K.GQITAEEYEAFINKEIET 291

6146.1 synthesizing 5- VVR.F
methyl M.VQSSVLGFPR.M
tetrahydro- R.YVRPPIIVGDVDRPK.A
pteroyl K.YDLAPIDVLFAMGR.G
triglutamate- K.AGVDVIQVDEPALR.E
homocysteine R.SDYLNWAAQSFR.V
methyltransfer K.AIENLPVAGFHFDFVR.
ase (Met6p) Vv

9 XP_00254 glutamine 575 42.090 60 K.VLAEYVWIDAEGNTR.S 2.33

5775.1 synthetase
(Glnlp)

11  @i:2419529 prephenate 5.82 36.748 25 R.DWFLQTSTPPK.F 2.45
17 dehydratase, K.KNTTIVSSIMFTLNHDD
putative PGALCDVLVK.F

(Pha2p)
Nucleotide biosynthesis
19 XP 00254  xanthine 24.239 149 K.IKDFKPDLIHAIGGGGFIP 0.71
7041.1 phosphoribosy AR.M
Itranferase 1
(Xptlp)
Carbohydrate metabolism
7 XP_00254 enolasel 5.54 46.984 118 R.SGETEDTFIADLSVGLR. 2.17
8866.1 (Enolp) N
K.IQIVGDDLTVTNPIR.I
K.VNQIGTLTESIQAANDS
YAAGWGVMVSHR.S
16 XP_00254 fructose- 6.20 33.867 87 K.GVDNKDQAASIAGSIA 1.02
5430.1 bisphosphate AAHYIR.S
aldolase
(Fbalp)
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18  XP_00254 phosphoglycer 5.63 27.491 58 R.YNNIDPAVVPLAESLAL 0.73
6870.1 ate mutase 1 VIDR.L
(Gpmlp) R.AIQTANIALSSADQLYV
PVKR.S
Sterol biosynthesis
8 gi:2557301 diphosphomev  5.68 40.704 82 K.KDTPSTTGMQATVQTS 2.25
17 alonate DLFAHR.I
decarboxylase K.RFEEMK.K
(Mvd1p/ K.SFGHVQGWK.K
Erg19p)
Heme biosynthesis
10  XP_00254 coproporphyri- 5.69 37.087 41 M.VSPDQIHDTSFPIRER.M 1.78
8314.1 nogen Il K.GGVNISIVHGKLPPQAV
oxidase TR.M
(Hem13p)
Energy metabolism
1 0i:4485281 Dnml 9.20 19.182 74 K.RITQLSHQTVR.H 0.09
06 dynamin- K.VAKEVCELSLQFPK.A
related
GTPase
(Dnm1p)
3 0i:3442324 DUF1783- 9.65 22.309 34 K.YAIVYGIGVTISCVVIFN 0.11
04 domain- YEK.T
containing K.TSWPWIYGELNTVRGEI
protein DINFAVK.G
(Coalp)
6 gi:2557208  ATP synthase  4.89  44.505 107 K.VVDLLAPYAR.G 2.16
19 beta chain, K.VALVFGQMNEPPGAR.
mitochondrail A
precursor R.DEEGQDVLLFIDNIFR.F
(Atp2p) R.FTQAGSEVSALLGRI.I
17 0i:9117813 mitochondrail 4.88 35.971 103 R.IINVVGEPIDDR.G 2.89
6 F-ATPase beta K.VVDLLAPYAR.G
subunit K.VALVFGQMNEPPGAR.
(Atp4p) A
R.DEEGQDVLLFIDNIFR.F
21  @i:2172423 histidine- 4.87 28.668 56 K.NRANLNNISANHTDVF 2.97
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7 tRNA VMAFGGGEGWNGFLK.E

synthetase
(Hts1p)
gi:2557231 nucleoside 6.15 16.991 59 R.GLISSILGR.F 1.23
27 diphosphate K.LVQPTESLLR.N
kinase R.GDFAIDMGR.N
(Ndk1p) K.EINLWFK.K
Oxidative stress related
gi:2236426 histone 5 77.934 140 K.EFFTENYGLNMKEFWN 3.12
28 deacetylase LMHNDR.Q
complex K.LARVDTDLTK.Q
subunit, K.SLVEMTLHLFSSELLNT
putative VRSK.R
(Hda2p)
gi:6849165 potential 521 37.951 70 K.EVGVFIHSASPIPFATDS 1.63
3 oxidoreductase VEK.D
(Gre22p)
XP_00254 peroxiredoxin  4.94 21.839 76 R.DYGVLIEEEGVALR.G 1.86
7929.1 (Tsalp) K.DAQVLFASTDSEYTWL
AWTNVAR.K
XP_00254 protoplast 560 21.228 160 K.MHAPAKPDYPIASAET 1.59
5791.1 secreted LTQYDAFLFGIPTR.F
protein 2 K.JIAIEYSTYGHITQLSR.A
precursor K.AFALQSNLEEIHGASAY
(Pst2p) GAGTFAGADGSR.Q
K.VAIIIYSLYHHVAQLAE
EEK.K
K. AFWDTTGGLWAQGAL
HGK.Y
KGR03226 Fe-Mnfamily 6.49 22.678 85 K.LAGIQGSGWAFIVK.N 3.23
A1 superoxide K. ALWNVINWKEAER.R
dismutase K.NIWNVINWK.T
(Sod2p) -
.HHQTYVNNLNASIEQAV
EAK.S
Biofilm specific proteins
0i:2401316 predicted 9.49 26.851 37 K.SKPKPKSK.A 0.17
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06 protein K.QAQSPKK.K

12 i:7100149 alcohol 6.32 38.211 45 R.ELCLSLGATDYFDYK.K 3.20
6 dehydrogenase
(Adhlp)
13 i:2388823 conserved 7.05 36.325 39 R.DNTISMEINIDLLVQTL 3.14
84 hypothetical KNFDK.A
protein R.IPVKILR.D
15  @i:3583692 zinc 546 46.376 38 K.NGAGPTILLR.A 2.79
93 metallopeptida
se (Apelp)

20  XP_00254 RAN-like GTP 6.53 24.470 27 R.VCENIPIVLCGNK.V 291
7485 binding K.NLQYYDISAKSNYNFE
protein KPFLWLAR.K

(Gsplp)

3protein accession numbers according to NCBI protein database; "Protein named and description according to the C.

tropicalis genomic database (CandidaDB); “Score based on NCBInr database using the MASCOT server as MALDI-

TOF data (p< 0.05); YPeptides generated through Tandem Mass Spectrometry
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Figure 4.27 Schematic representation of proposed multiple mode of action of citral
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In this study, the expression profile of stress-responsive proteins in association with the
biofilm during citral administration has revealed differential expression. The action of terpenes
IS a multifaceted response and leads to cellular damage due to various factors including
oxidative damage, upregulation of biofilm-specific proteins, overexpression of ergosterol
biosynthesis proteins and variations in amino acid and carbohydrate metabolism etc. (Figure
4.27).

4.4.3 Variations in metabolic profiling of extracellular matrix in the biofilm of C.

tropicalis

The metabolic altercations were visualized between citral-treated and untreated
samples using orthogonal partial least squares-discriminant analysis (OPLS-DA) after mean
centering and scaling of unit variance. The variables with variable importance in the
projection (VIP) value 1 were considered to be relevant for group discrimination (Sogin et
al., 2014). The seven samples each of treated and untreated biofilm cells were selected to
establish the OPLS-DA model for the selection of differential metabolites (Figure 4.28).
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Figure 4.28 OPLS-DA model comparisons between control and citral-treated samples

After normalization of the data, OPLS-DA was performed to identify the metabolites

discrimination between the two groups i.e. citral-treated and untreated. The corresponding
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up- and down-regulated trend as shown by several peaks which comprehended the selected

differential metabolites variation between citral-treated and untreated samples (Figure 4.29).
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Figure 4.29 1D *H-NMR profiling of extracellular matrix in the biofilm of C. tropicalis



The metabolic profiling of the extracellular matrices displayed distinguished pattern
between the two above-mentioned samples. Here, the cell wall components were found to be
increased in the presence of citral. Furthermore, the presence of ergosterol in the spectrum
also indicates the damage to the cell membrane and release of ergosterol in the extracellular
components. Other metabolites including allose, xylose, fructose, raffinose, L-a-phosphatidyl
inositol, N-acetyl-D-mannosamine, L-homoserine, UDP-glucorate, L-anserine, thiamine
monophosphate, dAMP, FAD, L-glutamine, L-lysine and glycolic acid were distressed
during citral treatment. On the other hand, 2a-mannobiose, ATP, DL-threo-f-
methylaspartate, arginosuccinic acid, L-cystathione, N-a-acetyl DL-ornithine, 5-hydroxy-L-

tryptophan and non-actin were increased in the extracellular matrix.
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Chapter 5
DISCUSSION

Effective antifungal and antibiofilm activities of terpenes against C. tropicalis

The process of biofilm formation includes initial adherence of the planktonic cells to the
substratum, followed by micro-colony formation. The increase in the metabolic activity of
Candida species during proliferation leads to release of the extracellular matrix which finally
stabilizes the growth at maturation (Gulati and Nobile, 2016). The mature biofilm is a complex
structure composed of densely packed cells surrounded with extracellular matrix acting as the
reservoir under stressful conditions and is responsible for the dispersal of cells during infection
(Ramage, Vandewalle, et al., 2001; Chandra and Mukherjee, 2015). Here, the activities of
selected terpenes were tested against C. tropicalis in a rich nutritious medium which mimics a
model for clinical settings to determine the effective reduction of the fungal contamination in
yeast and biofilm forms. The terpenes were showing deficit in viable cells of C. tropicalis upon
administration conforming antifungal activity of terpenes. The time-Kkill curves elucidated the
fungicidal activities of these terpenes when compared to the healthy cells along with
amphotericin B (Figure 4.4). In literature, essential oils and their active components have
established killing effect against fungal pathogens, for instance, carvacrol a major component
of essential oils from Origanum species, Satureja hortensis, Thymus species and Thymbra
capitate exhibit potent fungicidal activity against fluconazole-resistant isolates of Candida
(Chami et al., 2004; Dalleau et al., 2008).

The cell surface hydrophobicity is also a crucial factor that assists the fungal cells to get
aggregated on various surfaces and initiate the formation of biofilm. Therefore, a decrease in it
will directly impact the adhesion of fungal cells on biofilm-forming materials. Here in the
presence of each terpene, the hydrophobicity was significantly decreased (Table 4.2). Few
earlier studies have described a positive correlation between Candida adhesion to the plastic
surface; denture acrylic surfaces; and buccal epithelial cells and cell surface hydrophobicity
(Klotz, Drutz and Zajic, 1985; Samaranayake et al., 1995; Panagoda, Ellepola and
Samaranayake, 1998; Ellepola and Samaranayake, 2001). The biomass and formation of the
biofilm have also been associated with cell surface hydrophobicity (Blanco et al., 2010; Silva-
Dias et al., 2015). Moreover, C. albicans can regulate the cell surface hydrophobicity on the
basis of its growth phase as well as nutritional and environmental conditions (Hazen, Plotkin
and Klimas, 1986). Lately, a variety of natural extracts and their constituents such as human
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serum, eugenol, tyrosol, magnolol, and honokiol, Lactobacillus-derived biosurfactant, extracts
of Piper betle and Brucea javanica have demonstrated a positive effect on cell surface
hydrophobicity, adhesion and biofilm-forming abilities of Candida yeast cells (Harun et al.,
2013; de Paula et al., 2014; Ding et al., 2014; Ceresa et al., 2015; Monteiro et al., 2015; Sun,
Liao and Wang, 2015). Furthermore, the reduction of adhesion and biofilm-forming abilities
has also shown a positive correlation for Candida species as reported previously (Borecka-
Melkusova and Bujdakova, 2008; Harun et al., 2013; de Paula et al., 2014). A significant
decrease in the adherence of Candida cells to salivary pellicle (up to 86%) and mammalian
human larynx epidermoid carcinoma (HEp-2) cells (up to 68.9%) was observed as a result of
the decline in the hydrophobicity (> 40%).

Furthermore, citral and thymol have displayed effective antifungal activity in comparison
to the other terpenes (Table 4.1). Two and four-fold higher concentrations were needed to
eradicate mature biofilm than to inhibit its formation in the case of citral and thymol,
respectively. Also, thymol is more effective in the inhibition of biofilm formation and becomes
comparatively less effective on preformed biofilm due to the recalcitrant nature of the mature
biofilm. Furthermore, the extracellular matrix limits the penetration of antimicrobial agents into
the biofilm as suggested by the observed inhibitory concentrations of citral and thymol during
biofilm formation. This could be partly because of diffusion limitation affected by the 3-
dimensional structure, but primarily due to absorption or reaction of the antimicrobial agent
within extracellular matrix components. The results suggested that the absorption and
consumption of thymol were more in comparison to citral (Stewart, 2015). This may occur in
the surrounding part of the biofilm and thus, neutralizes the more reactive antifungal agent such
as thymol in this case. A previous report with the azole group of standard drugs such as
fluconazole has demonstrated that the BEC was eight-fold higher than BIC (Sandai et al.,
2016).

Scanning electron micrographs of C. tropicalis biofilm have demonstrated the presence
of dense cells surrounded with extracellular matrix during healthy biofilm formation (Figure
4.2). However, during administration of terpenes the cell surfaces were damaged (Figure 4.5).
The deformation of the cells and loss of cell membrane integrity have been reported as the
mechanisms of antimicrobial activity (Basak, Das and Das, 2014). These morphological
alterations of the cells could be associated with the loss of cell membrane integrity ultimately
resulting in cell death (Haque et al., 2016). In FE-SEM (Figure 4.7) and CLSM (Figure 4.8),
the indentation of cell surfaces and decreased metabolic activity with lesser viable was clearly

observed in the treated biofilm cells when compared to untreated ones. In CLSM, intense green
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fluorescence resulting from Con-A binding to cell wall polysaccharides outlined the cell walls
of the yeast, whereas red colour appeared due to FUN-1 staining localized in dense aggregates
in the cytoplasm of metabolically active cells (Millard et al., 1997). Thus, areas of red
fluorescence represent metabolically active cells and green fluorescence indicated cell wall-like
polysaccharides, whereas yellow areas represent dual staining (Ceresa et al., 2018). Further, the
membrane integrity of the biofilm cells in the presence of citral and thymol were also seemed
to be compromised (Figure 4.10). The damage to the cell membrane was also documented as
antifungal activity of certain B-lactam substituted polycyclic fused pyrrolidine/pyrrolizidine
compound 3 to-C. albicans cells (Gowri et al., 2016). The fluconazole treatment on
fluconazole-sensitive C. tropicalis strains with fluconazole caused the yeast cell membrane
disruption and the effect was stronger in comparison to the fluconazole-resistant strains as
demonstrated by the PI exclusion assay (da Silva et al., 2013). Whereas, the fluconazole-
resistant strains when exposed to the azole only did not cause any reduction in the number of

viable cells in comparison to the control.

Multifactorial mechanisms of citral and thymol involved in C. tropicalis biofilm inhibition

The ergosterol binding assay confirmed that both citral and thymol does not bind
directly to the membrane ergosterol content whereas, only thymol affects the cell wall or its
assembly as suggested by the sorbitol assay (Table 4.3). However, the content of the ergosterol
was constant in the presence of both citral and thymol. Recent studies have revealed that citral
inhibits ergosterol biosynthesis in C. albicans and Penicillium italicum but does not bind
directly to the ergosterol. Similarly, recent studies have also documented the non-binding of the
citral and thymol to the ergosterol content of the C. tropicalis cell membrane in planktonic
cells. However, a four-fold increase of ICs was observed with positive control drug
amphotericin B, whose interaction with ergosterol is well established (Tao, OuYang and Jia,
2014; Sousa et al., 2016). Cyt450p (cytochrome P-450) dependent enzyme Ergllp (lanosterol
14a-demethylase) is a specific target to azole resistance and was checked for their involvement
in the tolerance of citral and thymol as antifungals. The increment in the expression of the
ERG11/ CYT450 and CNB1 was observed with the treatment of citral but was not seemed in the
presence of thymol (Figure 4.15). Also, CYT450, an azole binding protein has shown
augmented expression than ERG11. The upregulation of ERG11 has only a minor effect on
drug tolerance and does not exceed a factor of three or five. Also, upregulation of CYT450 in
the presence of citral corresponds to the activation of drug tolerance mechanism similar to that
of fluconazole (Cowen et al., 2015). Thus, the increased expression of ERG11 and CYT450 in
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the presence of citral explains the role in the assembly of the cell membrane. CNBL1 (calcineurin
regulatory subunit) which is required for cell wall integrity and drug tolerance has also shown
increased expression in the presence of citral as well as thymol. C. tropicalis calcineurin
mutants have shown susceptibility to the antifungal agents targeting the cell wall and serve as a
negative regulator of calcium tolerance function. Increased expression of CNB1 in the presence
of thymol indicates its plausible role in cell wall synthesis or assembly, which corroborated the

sorbitol assay.

The observed augmentation in the expression of CYT450 and ERG11 indicated the role of
citral during the process of ergosterol biosynthesis. The protein-ligand binding analysis can
provide valuable insights for future studies (Pérot et al., 2010). Therefore to get insights of the
interactions of citral with CtErgllp, in silico docking studies were performed. The overall
structure and secondary patterns of CtErgllp was observed to be similar to that of CaErgllp.
The N-terminal domain is membrane-spanning which folds in 16 helices and 12 B-sheets. A
conserved insertion in Ergllp was also identified in C. tropicalis with 6 residue gap between o-
4 and beta 3-1 which has also been observed in C. albicans, T. cruzi and C. neoformans (Ji et
al., 2000). However, the sequence from Q22 to L40 was predicted to be a strongly hydrophobic
helix. Another long insertion inside fungal Ergllp was found in a- K and a- L region.
However, this insertion was far from the active site and had no influence in the catalysis. Other
small insertions were also present on the surface of Ergllp which are unlike to cause any
perturbation in the protein backbone or folding for its activity. Moreover, the active site of the

molecule is packed with heme which was surrounded by the helix I, -1 and -6.

CaErgllp has been successfully crystallized and characterized in native form as well as
complexed with itraconazole (PDB ID: 5V5Z) and posaconazole (PDB ID: 5FSA), respectively
(Hargrove et al., 2017). For the homology modelling, the backbone dihydral angles, phi and psi
were reasonable and could be further elaborated in molecular docking simulations. The bond
angles and the bond values were not significantly different from those of C. albicans and T.
cruzi but not as S. cerevisiae and C. neoformans (Lamb, Kelly and Kelly, 1998). The
compatibility between environment of the amino acid residues and the sequences are the most
important factor for the procedure of model validation. The profile 3D score was found to be
95, compared to the expected high score of 150 and expected low score of 50. The profile 3D
score was found to be compatible within the limits of the acceptable value (Sheng et al., 2009).
The confirmatory structures were ascertained by constrained and systematic search method.

The results of the distances between the citral stereoisomers and amino acid residues of Ergllp

98



were in acceptable range. The best geometrical fit of the inhibitory molecules is a result of the
energy difference between the molecules and global minimum energy conservation.

Several residues like GLY-303, HIS-310, helix | are said to be the contact residues
within 8 A distance. These residues play pivotal role in catalysis and substrate specificity. The
helix and terminal helix b’ forms the variable region which creates a dome over the pocket of
active site establishing the size of the active site. In C. albicans, the distance of the substrate
and the heme group is within 5A distances which was present in a deep and hydrophobic cleft
(Holtje and Fattorusso, 1998). The methyl group of the substrate was bound to the hydrophobic
patches composed of amino acids with van der Waals interaction. VAL-04, VAL-125, VAL-
130 residues played important role in fitting the substrate inside the pocket. Both neral and
geranial showed similar region of binding as the substrate. The region consists of helix I,
meander [, b-6-1, and the amino acid made the dome of the cleft. As there were no bulky
groups inside the citral molecule, there was less stearic hindrance as compared to the azole
pharmacophore. The space between the helix I, and the FG Loop in the active site of Ergllp

was enough for the accommodation of the compound with lesser binding energies.

The highly conserved region in the Ergllp of C. tropicalis were also found to be the
conserved residues such as LYS-143, LYS-147, N-terminal end of the helix C, GLU-398, 2-2,
B1-3, ARG-469, ARG-467 and the identical cysteine residue pocket. This feature has been
conserved within various Ergl1lp (Hargrove et al., 2017). These motifs also play important role
in the identification of the reductases. Other electron donors like PHE-463 and HIS-468 also
plays a vital role in the redox reaction system. The substrate-binding pocket was present in
much interior of CtErg11p. A long channel was present making the heme group accessible. The
hydrophobic nature of substrate was accessed with the presence of interior hydrophobic amino
acids would only be accessed through the long channel as depicted by the model. In the N-
terminal region, amino acids LEU-88 and ILE-195 acted as a flap over the channel making the
substrate approachable. The hydrophobic structure of the channel helps in the entry of the
substrate and its travel towards the active site of the molecule. The surface access channel was

composed of the amino acids present in the FG loop.

The substrate-binding site was situated in the interior of Ergllp which was only
accessible through a long channel. The modeled structure was found to have striking
dissimilarity with the Cryptococcus neoformans structure whereas it resembles the structure of
C. albicans with respect to the long channel 1 and 2 (Ji et al., 2000). Channel 1 was found to be

parallel to the heme group whereas channel 2 was found to be perpendicular to the heme group
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and the entrance was blocked by the flexible FG loop and helix A. The substrate access channel
was also comprised of I helix and BC loop to block the channel. The hydrophobic patches
facilitated the interaction of the protein with the heme and the substrate passing through the
hydrophobic channel. The hydrophobic patches include helices E, I and L. Helix |
compromised of 35 amino acids which includes a region to allow the binding of water and
oxygen molecules resulted in the formation of hydrophilic center and hydrophobic N and C
terminals. The hydrophilic segment included helix A, beta 1-5, N-terminal residues of helix C
and F, C terminal residues of helix G, beta -5, helix G, B, helix J and helix K. These bindings
through hydrophobic interactions with Ergl1lp were continuous with the hydrophobic nature of
citral. Numerous studies show that P450s interact with the electron donor at the proximal site

though electrostatic linkages (Hargrove et al., 2017).

The acidic partners donate electrons to provide negative charges. P450s are the counter
positively charged partners. The sites on the proximal part of the protein which acted as
reducing-oxidizing element were in the helices J, C, K, K, B1-3B1-4pB5 and B2 and the cysteine
residue pocket. GLY-481 located in the cysteine pocket also plays an important role in the
arrangement of the heme group, whose substitution, caused fluconazole resistance (Rodero et
al., 2003). The side chains of PHE-475 provide the enclosure of the cysteine pocket in
combination with ILE-471 and ALA-476. The cysteine pocket serves the purpose of redox
reaction of the heme ion in association with the conserved basic residues. LYS-147 and the N-
terminal end of the C-helix forms a salt bridge with the D ring of the propionate, while ARG-

469 build hydrogen bond with the D ring propionate.

Literature demonstrated that the fluconazole and itraconazole similarly binds to the
active site of the molecule, where the halogenated phenyl side groups interact with the same
highly hydrophobic amino acid structures in the cleft through various hydrophobic residues.
Although, the phenyl groups possessed much stearic hindrance in the narrow hydrophobic
channel, where the active site is located, the residues CYS-135 and GLY-307 changed the
docking ligand conformation by lowering the binding energies. The phenyl ring of the
inhibitors in close proximity to the aromatic side chains TYR-132 probably engages a pi-pi
stacking interaction between them. The long side chains of itraconazole and ketoconazole
create stearic hindrances, whereas, due short side chains of fluconazole and small molecule
citral showed similar antimicrobial properties as their special orientation is similar in nature.
Although citral is smaller than fluconazole, yet the special arrangement of fluconazole is more

effective than citral. This can be due to higher hydrophobic interactions with the active site
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residues of the protein. Only 2- 3 carbons from both neral and geranial have shown to have
hydrogen or van der Waals interaction with the hydrophobic surface of the protein. In azoles,
interactions with n1, n3-4, the phenyl rings, and chlorines are responsible for the active site
binding and inhibition of the molecule. The chirality of the pharmacophores is also important

for the inhibitor binding as in the case of azoles which might also be essential in citral binding.

The unsaturated aldehydic residue of the citral could help in its antifungal activity.
Previous studies have revealed that the aldehydic or alcoholic groups in the inhibitors are more
potent than the first generation aldehydic compounds without any hydroxyl group at c3
positions (Héltje and Fattorusso, 1998). The length of the Fe-N bond is less than 2.1A and also
the posaconazole complex is 2.2-2.5A, whereas, the length of citral, heme and the hydrophobic
residues ‘were less than 4A. The basicity is an important criterion for binding and higher
selectivity. The FG arm of C. tropicalis is found to linger than that of C. albicans and T. cruzi
(Hargrove et al., 2017). The domain lid of FG loop plays a pivotal role in the access of the
substrate, whereas the PHE-234 and PHE-213 of the C. albicans correspond to PHE-228 of C.
tropicalis. It has also been proposed that the compact FG loop of the protein is responsible for
the inhibition. The most conserved domain being B-helix and the BC loop and these clefts
interact with the sterol substrates. Less than 0.5A distances were found in albicans/ fumagatis
and albicans/ cruzi. The heme group of the protein moiety has weaker hydrogen bond between
the porphyrin ring structures and tyrosines of the Ergllp. Also, a reverse proton delivery
pairing ASP-225 in helix F and HIS-310 in helix | was noticed. The surface-exposed residues
of the salt bridges influence the enzymatic properties of Ergllp. Along with the FG loop and
Helix F, Helix I was the core structure of Ergllp. It was situated in the distal part of the heme,
parallel to the heme plane carrying two proton delivery residues namely HIS-310 and THR-311
in C. albicans (Ji et al., 2000). Similar to the protozoa Ergllp orthologue, I -helix could be
considered in whole as disordered loop structure, which is present similarly in the active
Ergllp of C. albicans, causing drastically weaker inhibition. The helical loop structure is

energetically weak and hence is more flexible.

The dominant antifungal mechanism of both citral and thymol was also subjected to the
production of reactive oxygen species (ROS) within the cells and under biofilm conditions
(Figure 4.11). Mono-terpene phenols such as thymol irrationally increase the production of
ROS in C. albicans, which negatively affects the antioxidant system (Khan et al., 2015). These
ROS productions further corroborate DNA damage and defective repair machinery due to

oxidative stress (Chang et al., 2011). During the treatment with citral and thymol, the
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antioxidant enzymes were also activated in the C. tropicalis biofilm cells as a protective
response against enhanced ROS levels to limit the cellular damage (Figure 4.12). During
increase in oxidative stress, the adaptations such as activation of antioxidant defence system are
required for the cell survival (Chauhan, Latge and Calderon, 2006). Indeed, the equilibrium
between ROS generation and antioxidant defenses regulates the extant of oxidative stress and
cell survival fate (Belenky and Collins, 2011; Goel and Mishra, 2018). During RT-PCR
analysis, the expression of SOD1 (copper-zinc superoxide dismutase) was significantly
augmented in the presence of both citral and thymol, respectively, however, the expression of
KGD2 was only increased in-the presence of citral but was not affected when treated with
thymol (Figure 4.15). SOD1 mitigates the generation of ROS by quenching fatal superoxides
restoring the redox balance essential for cell survival. Antifungal drugs increase oxidative
stress which induces adaptive response resulting in an increased expression of SOD1 (Linares
et al., 2013). ALD5 (aldehyde dehydrogenase) gene was also overexpressed in the case of both
citral and thymol, indicating its role in the tolerance mechanism. ALDS5 is a redox-related gene
involved in oxidative stress defence. The overexpression of ALD5 verifies the activation of the
anti-oxidative system to restore the redox balance during the antifungal activity of these agents

as in agreement with the previous study of drug resistance (Sun et al., 2013).

Biological macromolecules such as lipids and nucleic acids can be damaged through
ROS (Antunes et al.,, 1996; Stadtman and Berlett, 1997). ROS can react mostly with
unsaturated fatty acid chains and few saturated lipids during peroxidation yielding lipid
alcohols, lipid peroxides and aldehydic by-products. The MDA results have demonstrated the
lipid peroxidation in biofilm cells of C. tropicalis similar to those in S. cerevisiae (Manfredini
et al., 2005). Therefore, the increment of TBARS signifies oxidative stress inside the cells in
the presence of citral and thymol (Figure 4.13). The comet tailing in the cells corresponds to the
damage to DNA (Figure 4.14). Hence, the biofilm cells when treated with citral and thymol
have shown DNA damage making it to be genotoxic. The damage to the DNA including
breakage of strands, crosslinking of DNA, incomplete excision repair sites in single strands and
alkali-labile sites could be seen through the comet assay which is sensitive, rapid and widely
adapted technique to detect DNA damage (Tice et al., 2000; Kirf et al., 2010).

The upregulation of two other genes namely, ENO1 and KGD2 were also observed
when treated with citral and thymol (Figure 4.15). The null mutants of ENO1 (enolase),
involved in virulence and drug resistance, have demonstrated various degrees of increased

antifungal drug susceptibility compared to SC5314 strain, reporting the role of ENO1 in the
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drug resistance mechanism (Ko et al., 2013). However, KGD2 encodes the dihydro lipoyl
lysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex serves
as a novel immunogenic protein that could be associated with the pathogenesis of C. tropicalis
(Lee et al., 2014). Moreover, detailed studies are required to enlighten the alterations in ENO1

and KGD2 expression during citral and thymol treatment.

Citral induced differential expression of proteome in C. tropicalis biofilm cells

Furthermore, the proteomics approach was utilized to elucidate the proteome expression
profile in the presence and absence of citral (Figure 4.26). The use of one and two dimensional
gel electrophoresis has successfully been implemented in studying protein profiling during
altered conditions (Rogers et al., 2006). The fungal biofilm exhibited changes in the expression
of various proteins associated with antifungal tolerance (Li et al., 2015). Biofilm usually
develops resistance to cope with the stress caused by antifungal drugs (Cannon et al., 2007).
Since very long citral has been found as a good antimicrobial agent against various
microorganisms, therefore, researchers are now exploring the effect of citral on other
microorganisms and their biofilm. The effect of citral on the biofilm of C. tropicalis is still in
infancy and has not been studied in detail. However, from previous study it has been
demonstrated that the citral has variable effects in comparison to that of thymol against C.
tropicalis biofilm (Chatrath et al., 2019). In the present study, a total of twenty-five proteins
have been identified to be differentially expressed in the presence of citral using mass
spectrometry (Table 4.10).

The amino-acid deficiency in stress is vastly documented and relates to the cellular
mechanism _of survival during drug treatment. Here, methionine-synthesizing S5-methyl
tetrahydro-pteroyl triglutamate—homocysteine methyltransferase (Met6p) and glutamine
synthetase (GInlp) were found to be overexpressed in the proteome of citral-treated biofilm
along with prephenate dehydratase (Pha2p). The increased expression of these proteins can
convince the consumption of their products during stress; therefore, the production was
increased at the cellular level. In higher plants, fungi and some prokaryotes represent
cobalamin-independent methionine synthases, whereas human methionine synthase is
cobalamin-dependent. Therefore, the development of novel antifungal agents which targets
cobalamin-independent methionine synthase can be an effective approach for specific
inhibition (Suliman, Appling and Robertus, 2007). Similarly, the over-expression of GlInlp in
the present study also directs to further elaborate diverse aspects in hindering these pathways.
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This stimulates the development of specific novel inhibitory molecules against these enzymes.

Several enzymes of these pathways are already proven drug targets (Alcazar-Fuoli, 2016).

Xanthine phosphoribosyl tranferase 1 (Xptlp), required for nucleotide biosynthesis, was
depleted in the presence of citral. The involvement of Xptlp was observed in the salvage
synthesis of purine nucleotides i.e. GMP and XMP from precursors, guanine and xanthine,
respectively (Guetsova et al., 1999). Such observation reveals the decrease in salvage pathway

of purine biosynthesis upon treatment.

The metabolism of carbohydrate is also essential for the survival of the cell during drug
treatment. The differential expression of the proteins like Enolp, Fbalp and Gpmlp during
treatment with citral corresponds to their role in drug tolerance. Enolp is highly recognized
antigen found during biofilm formation. In glycolysis, the hydrolysis of fructose-1, 6-
bisphosphate into glyceraldehyde-3-phosphate is catalysed by fructose-bisphosphate aldolase
(Fbalp) and 3-phosphoglycerate is converted into 2-phosphoglycerate by phosphoglycerate
mutase 1 (Gpm1p) following the conversion of 2-phosphoglycerate into phosphoenolpyruvate
by enolasel (Enolp). The decrease of Fbalp and Gpmlp in the presence of citral indicated
lower carbohydrate metabolism whereas, increased Enolp corresponds to the earlier studies
where Enol was considered as antigen secreted by biofilm cells (Montagnoli et al., 2004).
Citral has induced the expression of Enolp, indicating its usage for in vivo antibody generation
during infections in correspondence to the investigations when mice vaccinated with Enolp of
C. albicans, showed an increase in antibody resulting in higher survival rate than non-
vaccinated mice (Montagnoli et al., 2004). Clinical use of citral in combination with

conventional drugs might escalate their efficacy through antibody production by the host cells.

Diphosphomevalonate decarboxylase (Mvdlp/ Ergl9p) required in ergosterol
biosynthesis was documented to be overexpressed in the presence of citral. Ergosterol is an
integral part of the fungal cell membrane and identified drug target for various conventional
drugs. The biosynthesis of sterol compounds is necessary for the production of the required
amount of ergosterol to sustain the cell membrane. Mvd1p/ Ergl9p reportedly contributes to
the flux regulation through the mevalonate pathway and shows high transcriptional level in
response to the antifungal drugs (Bergés, Guyonnet and Karst, 1997; Bammert and Fostel,
2000). The increment in the expression of Mvdlp/ Ergl9p depicted the fast production of the
sterol compounds in the presence of citral rather than untreated cells. Similarly, the presence of
ergosterol has also been reported in the extracellular matrix of the biofilm indicating damage to

the cell membrane and its release in the extracellular matrix. Coproporphyrinogen Il oxidase
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(Hem13p) involved in heme biosynthesis was also over expressed during citral treatment. A
previous study has suggested that heme plays a vital role in sterol biosynthesis and

transcriptional regulation of several processes related genes (Parks and Casey, 1995).

Additionally, the requirement of energy has also been augmented during stress when
treated with the antifungal agents. Here, the expressions of six proteins which are involved in
energy metabolism are found to be differentially expressed. Dnmlp, Coalp, and Ndklwere
seen to be under expressed, however, Atp2p, Atp4p, and Htslp were over expressed in the
presence of citral as an antifungal agent. Mitochondria are the energy production house of the
eukaryotic cell, therefore necessary in energy metabolism. The mitochondrial morphology is
controlled by dynamin-related GTPase (Dnmlp) protein. Dnmlp mutations lead to the
formation of the mitochondrial compartment into a planar net of interconnected tubules during
mitochondrial fission (Bleazard et al., 1999). Cytochrome oxidase (Coalp) is associated with
the cytochrome ¢ oxidase assembly in the inner mitochondrial membrane of yeast. The mutants
of Coalp cells display respiratory deficiency and have a low level of copper in mitochondria
(Pierrel et al., 2007). Furthermore, the reduced production of these proteins in the presence of
citral indicated damage to the mitochondrial structure negatively affecting its function.
Nucleoside diphosphate kinase (Ndk1p) proteins are vital for the division of cell, growth,
metabolism of macromolecules and DNA/ RNA synthesis. It forms NTPs energy molecules by
phosphorylation of NDPs such as converting ADP into ATP (Jong and Ma, 1991). The

depletion in Ndk1p specifies one of the effects when treated with citral.

Whereas, over expression of ATP synthase (Atp2p/ Atp4p) when treated with citral,
indicated the efficient combat made by biofilm cells of C. tropicalis in order to survive. The
mitochondrial Fi-Fo ATP-synthase complexes catalyze the synthesis of ATP from ADP by
acquiring P;j through the electrochemical gradient of the proton. It can also reversibly hydrolyze
ATP (Vinogradov, 1999). The increased amount of ATP in the extracellular matrix indicated
high energy requirement and consumption of ATP during citral treatment. Histidine-tRNA
synthetase (Hts1p) mutants displayed respiratory deficiency as this mitochondrial synthetase is
required for mitochondrial DNA synthesis (Natsoulis, Hilger and Fink, 1986).

Oxidative stress tolerance is widely proclaimed process of the cells to deal with an
antifungal agent. The upregulation of oxidative stress-responsive protein in the presence of
citral indicates the participation of ROS within the biofilm cells. The defense mechanism of
biofilm involves increased production of anti-oxidative proteins to resist the damage caused by
these ROS. In the presence of citral, Hda2p, Gre22p, Tsalp, Pst2p and Sod2p were upregulated

105



in the proteome of C. tropicalis biofilm. Historically, histone acetylation (Hda2p) was directly
linked to the activation of the transcriptional process; however, recent researches indicated
versatile functions by its modifications and catalytic enzymes (Carrozza et al., 2003). The
diverse functionality includes DNA repair, gene silencing as well as cellular growth and
development due to highly conserved complexes of acetyltransferase. Also, Gre22p, a potential
oxidoreductase has been upregulated in the presence of citral. This protein was also
documented in higher levels in the azole-resistant clinical isolates of C. albicans (Thomas,
Bachmann and Lopez-Ribot, 2006). The four eisosome proteins (Pstlp, Pst2p, Pst3p, and
Ycp4p) have recently shown novel antioxidant function in C. albicans (Li et al., 2015). The
protoplast secreted protein 2 (Pst2p) was also identified with overexpression in the presence of
citral. Furthermore, the release of ROS in response to stress is checked by antioxidant enzymes.
Here, the upregulation of Sod2p, a mitochondrial superoxide dismutase explains the check on
these harmful species within C. tropicalis biofilm cells (Lambou et al., 2010).

The thioredoxin redox system including peroxiredoxin (Tsalp) can protect the biofilm
cells from ROS playing a vital role to defend the cells against oxidative stress. Tsalp plays an
important role in the survival of cells under oxidative stress created by the host immune
response. Shin et al. reported that C. albicans TSA1 mutants show higher levels of H,O, which
indicated the Tsalp ability to neutralize this peroxide (Shin et al., 2005). Tsal was also over
expressed in C. tropicalis in response to citral suggesting that it may have caused the inhibition
of biofilm by developing the oxidative stress condition. Similarly, the upregulation of Tsalp in
C. glabarata represented one of the rescue mechanisms during oxidative stress (Rogers et al.,
2006). The damage to the DNA is severe to the cell as the cell survival is altered. In C.
albicans, the upregulation of the various oxidative stress-related proteins has indicated that the
higher antifungal tolerance is contributed by anti-oxidant biomarkers including alkyl
hydroperoxide reductase, thioredoxin peroxidase, and thioredoxin (Seneviratne et al., 2008).

The biofilm specific proteins are particularly important in the tolerance of antifungal
agents. Here, a total of four biofilm specific proteins were found to be overexpressed. The three
proteins namely, Adhlp, Apelp and Gsplp were upregulated in the presence of citral. Alcohol
dehydrogenase (Adhlp) which is widely responsible for the biofilm formation of Candida, can
also contribute in the negative feedback regulation of the biofilm in vitro as well as in vivo
which restricts the biofilm-forming ability in an ethanol-dependent manner (Mukherjee et al.,
2006). This specific protein if overexpressed can produce ethanol in immense amount and

ultimately damage the biofilm. In the presence of citral, the upregulation enlightens the use of
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citral as formulation supplements of conventional drugs. A study has reported an important role
of proteolytic enzymes such as zinc metallopeptidase (Apelp) in fungal physiology and
development. It digests the protein substrates externally by secreted proteases for survival and
growth of pathogenic species (Yike, 2011). The overproduction of RAN-like GTP binding
protein (Gsplp) is also related to the switching of the fungal lifestyle. The biofilm form of C.
tropicalis is different from planktonic yeast and therefore, transforms through Ran-GTPase
related switch (Braunwarth et al., 2003). Hence, the biofilm of C. tropicalis has augmented
production of Gsplp perhaps to survive in stressed conditions created during treatment with

citral.

The extracellular matrices in C. tropicalis biofilm majorly consist of hexosamine
with lower carbohydrates, proteins and lipids (Al-Fattani and Douglas, 2006). Moreover, the
consumption of sugar molecules such as allose, xylose, fructose, raffinose and proteins within
the cell could be linked with their diminished presence in the extracellular matrix during citral
treatment. Also, the metabolites L-glutamine and L-lysine were decreased in the treated
samples and tryptophan hydroxylation as 5-hydroxy-L-tryptophan was observed to be increased
indicating the oxidative stress to the biofilm cell in response to citral. Amino acids such as
tryptophan can accommodate the ROS under stressful condition by forming hydroxyl moieties
(Davies, 2004; Peyrot and Ducrocq, 2008). The reduction in metabolic activity to conserve
energy and nutrients can avoid stress and activation of the glyoxylate pathway required for the
production of cell-wall carbohydrates and exopolymeric substances (Brown, Odds and Gow,
2007).

Recently, the mannans and its derivative are found to be effective antioxidants that can
quench the ROS (Machovéa and Bystricky, 2013). Mannans are located in the cell wall of C.
tropicalis. The increased amount of 2-alpha-mannobiose indicated the change in the
extracellular composition of the C. tropicalis biofilm on citral treatment. Moreover, pentose
and hexose sugar molecules are readily consumed during oxidative stress. These are observed
to scavenge the free radicals in the cells for their survival (Spencer et al., 2014). Due to the
oxidative stress, the viability of the cells seem to be reduced and glycerol accumulation is
induced (Gibson et al., 2007).
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CONCLUSION AND FUTURE PERSPECTIVES

Despite, C. tropicalis and C. albicans being different species of the same genus Candida,

the former does have similar abilities of biofilm formation but varying rates of survival and

tolerance against antifungal agents. The biofilm lifestyle, stress response, and antifungal

tolerance are directly related to the endurance of the fungus in a hostile milieu. This reflects the

probable physiological differences among different species and even strains. The present study

concludes the following outcomes:

Both citral and thymol have shown moderate anti-mycotic activity against C.
tropicalis and its biofilm.

Thymol was found to be more effective against C. tropicalis planktonic cells and
biofilm inhibition than citral.

During the eradication of the biofilm, thymol represented a relatively low and
equivalent activity to that of citral.

Interestingly, it was observed that citral, as an antifungal agent, targets the cell
membrane whereas thymol aims the cell wall. These were evident by the
differential expression of ERG11/ CYT450 and CNB1 against citral and thymol.
Exogenous ergosterol binding assay directed that the both citral and thymol does
not bind directly to the ergosterol, however, sorbitol protection assay concluded
that only thymol acts over the cell wall.

The generation of ROS in the presence of both citral and thymol depicted their role
in causing oxidative stress.

Although both, citral and thymol exert similar antifungal activity yet different
actions on the cell wall and membrane depicts their diverse mode of action.

The molecular interactions between citral, heme group and participating amino acid
residues of CtErgllp protein have been identified which leads to an understanding
of the protein-ligand interaction.

The varying proteome of C. tropicalis biofilm ensures its survival in a hostile
environment. A total of twenty-five proteins have been identified to be
differentially expressed in the presence of citral. Among these, the following
proteins predicted multifactorial response of citral:

1. The upregulation of Adhlp was particularly important as it acts in the inhibition

of biofilm through an ethanol-dependent manner.
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2. The occurrence of oxidative stress was dealt with the activation of antioxidant
system as depicted by the increased expression of anti-oxidative proteins like
Sod2p, Pst2p, Hda2p, Gre22p and Tsalp.

3. The overexpression of Mvd1/ Ergl9 also convinces the action of citral at the

level of ergosterol biosynthesis.

The outcomes of this study may further be led by taking following points into

consideration:

Citral and thymol being US-FDA approved GRAS molecules can emerge as potent
alternatives and implement for prompt clinical trials in nosocomial infection not only to
be administered as drugs but could also be used to coat medical devices.

In silico studies of citral-CtErgl1p interactions may further be utilized in designing and
synthesis of new citral based antifungal analogues for targeting the essential CtErglip
enzyme.

CNB1, a potential gene, could be further exploited to decipher its function during
administration of thymol as antifungal agent.

Other identified proteins such as Pha2p, Hda2p and two uncharacterized biofilm
specific proteins are required to study in detail to get insights about their role in the

presence of citral.
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