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Abstract of the Dissertation 
 

An interwoven transcriptional network controls chlamydospore formation in 
the human fungal pathogen Candida albicans 

 
By Priyanka S Bapat  

Doctor of Philosophy, Quantitative and Systems Biology 
University of California, Merced, 2021 

Advisor: Dr. Clarissa J. Nobile 
 
The primary project of my dissertation focused on studying the regulation of 
chlamydospores, a morphology formed by the common human fungal pathogen Candida 
albicans. C. albicans produces chlamydospores under stressful conditions, however, the 
biological functions of chlamydospores are still unknown. Since this important human 
fungal pathogen produces these enigmatic structures, I believe that chlamydospores must 
provide a selective advantage to C. albicans. I hypothesized that there must be underlying 
developmental and regulatory pathways dedicated to chlamydospore formation, and that 
identifying these pathways will be useful in understanding the biological functions of 
chlamydospores. Using forward genetics and genome-wide approaches including RNA-
seq and ChIP-seq, I discovered that the C. albicans chlamydospore transcriptional 
regulatory network is highly interwoven comprised of nine core transcriptional regulators 
(i.e., transcription factors) controlling over 3,200 downstream target genes.  Of these nine 
core regulators, I have found that six core transcription factor deletion mutant strains fail 
to form chlamydospores, while three core transcription factor deletion mutant strains form 
higher numbers of chlamydospores relative to the wildtype strain. Analysis of the 
chlamydospore regulatory network suggests roles for SNARE vesicular transport and fatty 
acid degradation pathways along with roles for enzymes involved in cell wall biosynthesis 
pathways. Preliminary network conservation analyses based on orthologous relationships 
of proteins within the chlamydospore network revealed that the network is comprised 
largely of “old” proteins (65%) interspersed with some “young” proteins (35%), indicative 
of the network being fairly well conserved. Further analysis of this regulatory network will 
be useful in identifying the biological functions of chlamydospores and will also give us 
insight into the regulation of C. albicans morphological transitions more generally.  

Another project of my dissertation focused on studying non-drug therapeutic 
strategies to target biofilm formation in C. albicans and Candida auris. C. albicans and C. 
auris form robust and drug resistant biofilms and treatment of biofilm infections caused by 
these species is challenging. I focused on exploring red, green and blue visible lights in 
combination with exogenous photosensitizing compounds as a non-drug therapeutic 
strategy against C. albicans and C. auris biofilm in vitro. I demonstrated that red, green 
and blue visible lights in combination with exogenous photosensitizing compounds are an 
effective non-drug therapeutic strategy against both Candida species biofilms. Blue light 
with and without photosensitizing compounds was the most effective treatment at 
inhibiting biofilm formation and also disrupting mature biofilms of both species, closely 
followed by red light in combination with photosensitizing compounds. 



 

 1 
 

CHAPTER 1 
 
Introduction to Candida species and Candida chlamydospores 
 

Fungi are presently estimated to include ~3.8 million species, the majority of which 
are not known to cause disease in humans [1]. In fact, only ~300 fungal species (0.00008% 
of fungi) are known to cause disease in humans [1]. Of these human disease-causing fungal 
species, they cause infections ranging from superficial foot and nail infections (e.g., the 
dermatophytes) to cutaneous and systemic invasive infections (e.g., Aspergillus, Candida, 
Pneumocystis and Cryptococcus species), with the latter systemic infections representing 
>90% of all human deaths caused by fungal infections [2]. Fungi are broadly divided into 
9 lineages, of which the phylum Ascomycota has been the most studied to date [3]. 
Ascomycota includes some of the most characterized and commonly used fungal model 
organisms like Saccharomyces cerevisiae and Neurospora crassa, among other disease-
causing fungi [3].  

Candida species belong to the Saccharomycotina lineage of the Ascomycota 
phylum, which reside on inanimate objects in the environment and as members of the 
normal microbiota of humans and other warm-blooded animals. Candida species are also 
the most commonly isolated human fungal pathogens from clinical settings [4,5]. Among 
the Candida species, Candida albicans was identified over 2000 years ago, as an organism 
responsible for causing oral thrush [6]. C. albicans is a diploid and polymorphic species 
capable of causing superficial infections as well as invasive infections in humans [6,7]. C. 
albicans has been rarely isolated from environmental samples [8] and its main reservoir is 
thought to be humans [5] and other warm-blooded animals, where it typically resides as an 
asymptomatic commensal organism colonizing the mucocutaneous surfaces of the mouth, 
skin, and gastrointestinal and genitourinary tracts [9]. However, in the event of microbial 
dysbiosis, disruptions in the host immune defenses, and dietary changes, C. albicans can 
become a pathogen, especially in immunocompromised and critically ill individuals 
[10,11]. It is, therefore, considered to be an opportunistic pathogen of humans. For 
example, in individuals whose immune system is compromised after contracting human 
immunodeficiency virus (HIV), C. albicans can cause a wide range of secondary 
infections, ranging from oral thrush to deep-seated invasive candidiasis [9]. In addition, it 
is estimated to cost approximately one billion dollars annually to treat C. albicans 
infections in the US [12].  

Candida auris, is a newly emerged fungal “superbug” that has recently been 
declared a global health threat because of its multidrug resistance and high transmission 
rates [13–15]. C. auris has developed molecular resistance mechanisms making it less 
susceptible to the three major classes of antifungal drugs used to treat invasive fungal 
infections in humans, with different clinical isolates reported to be resistant to one or more 
classes of antifungal drugs, and some isolates displaying pan resistance to all three of the 
major antifungal drug classes [16]. Both C. albicans and C. auris are known to form 
recalcitrant and drug resistant biofilms, communities of adherent microbial cells encased 
in an extracellular matrix. As C. albicans and C. auris clinical isolates have been shown to 
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be naturally resistant and/or tolerant to antifungal drugs or can develop resistance over 
time, the development of alternative non-drug therapeutic strategies is urgently needed. My 
discoveries on the use of visible lights in combination with photosensitizing compounds as 
a non-drug antifungal therapeutic strategy against biofilm infections caused by C. albicans 
and C. auris are discussed in Chapter 3 and Chapter 4, respectively, of this dissertation. 

C. albicans possesses several virulence traits, such as the ability to undergo 
morphological transitions in response to environmental cues, which is known to play roles 
in the establishment and maintenance of C. albicans infections [17]. Multiple morphologies 
have been identified in C. albicans including the round budding yeast form, the mating 
competent opaque form, the ellipsoidal pseudohyphal form, the elongated hyphal form, and 
chlamydospores [18–20]. The ability to transition from the yeast form to hyphal form is 
known to play key roles in the infection process [21]. The chlamydospore form, which is a 
major focus of my research, is the least studied morphology to date and is discussed in 
Chapters 1 and 2 of this dissertation.  

 
1.1. Introduction to Candida chlamydospores 
Background and Introduction  

Fungi are able to adapt to and exist in diverse and extreme environmental conditions 
[22]. Many fungi exist in different morphological states depending on their environmental 
conditions [23,24]. Some fungi are dimorphic, where they have been found to exist in at 
least two morphological states, such as the yeast form and hyphal form, depending on 
environmental cues (e.g., pH, CO2 and temperature) [24,25]. The yeast form is spherical, 
while the hyphal form is elongated and lacks constrictions at the sites of septation [26]. 
Other than these two classic morphological forms, many fungal species are also known to 
produce spores, either sexual or asexual, usually as part of their reproductive cycle [27]. 
For many fungal species, such as Fusarium species found in the soil, asexual spores serve 
as a means for survival under harsh and highly unfavorable environmental conditions (e.g., 
nutrient depletion, extreme temperatures, dry conditions leading to desiccation and the 
presence of UV radiation) [28,29]. These asexual spores are quiescent, resistant structures 
that remain dormant until favorable conditions return, upon which they have the ability to 
germinate and produce viable fungal cells [27].  

The human fungal commensal and opportunistic pathogen C. albicans possesses 
several virulence traits such as the production of secreted aspartyl proteases, the ability to 
form biofilms and the ability to grow in different cellular morphologies that are known to 
play roles in the establishment and maintenance of C. albicans infections [17]. These 
virulence traits synchronously operate in a coordinated fashion, involving multiple signal 
transduction pathways, to ultimately cause an infection in the host [30]. The ability to 
undergo morphological transitions and switch to a morphology best suited to thrive in a 
given environmental condition is one of the most important virulence traits of C. albicans. 
Environmental cues that can induce morphological transitions in C. albicans include, for 
example, changes in pH, temperature, serum levels, oxygen and nitrogen levels, and 
nutrient levels [31,32]. Multiple morphologies have been identified in C. albicans 
including the round budding yeast form, the mating competent opaque form, the grey form, 
the ellipsoidal pseudohyphal form, the elongated hyphal form, the commensal specific 
GUT form and chlamydospores [18–20]. The chlamydospore form is the least studied 
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morphology to date, even though we have known about this form for over a century. 
Chlamydospores are defined as non-deciduous, terminal or lateral asexual spores [33]. The 
name chlamydospores is derived from the word “chlamyds” meaning coating or mantle. 

C. dubliniensis is the only other Candida species known to be able to form 
chlamydospores. C. dubliniensis was identified and classified in 1995, and prior to then 
was likely misidentified as C. albicans [34]. C. albicans and C. dubliniensis share many 
phenotypic traits including the ability to form hyphae and chlamydospores, however, C. 
dubliniensis is reported to be less likely to cause to cause bloodstream infections and more 
likely to cause superficial mucosal infections, such as oral candidiasis [35].  

 
Chlamydospore production  

Many fungal species ranging from Phytophthora cinnamomic [36], Aspergillus 
parraciticus [37], Cryptococcus neoformans [38], dermatophytes [39], Fusarium species 
[28], Histoplasma farciminosum [40], Paracoccioides brasiliensis [41], and C. albicans 
and C. dubliniensis [42] have been reported to form chlamydospores. The specialized 
functions imparted by chlamydospores have been characterized in certain species. For 
example, the chlamydospores produced by P. cinnamomic are known to provide 
desiccation resistance, and chlamydospores produced by A. parraciticus are known to 
mediate the production of the mycotoxin aflatoxin [37]. Here, we focus on chlamydospores 
produced by the two members of Candida clade, C. albicans and C. dubliniensis, whose 
biological functions are as of yet unknown. 
 
A historical dive into chlamydospores 

C. albicans chlamydospores were described for the very first time in 1877 by Paul 
Grawitz, a German pathologist [6]. Several years later, in 1890, respectively, Hugo Plaut, 
Gabriel Roux and Georges Linossier, shared the earliest drawings of C. albicans 
chlamydospores [15, 33]. Of the Candida clade, only C. albicans and C. dubliniensis are 
known to be able to form chlamydospores [42], and as such, chlamydospore formation is 
used as a diagnostic tool for distinguishing C. albicans or C. dubliniensis from other 
Candida as well as other fungal species in clinical samples [6]. Chlamydospores are 
characterized by their large size (7-12µm) relative to yeast cells (2-3µm), their spherical 
shape, their thick-walled outer layer, and their location at the terminal or lateral ends of 
hyphae (Figure 1.1) [19,44].  
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The biological functions of chlamydospores are currently unknown [45,46]; 

however, some researchers hypothesize that chlamydospores exist as storage structures for 
lipids [45], carbohydrates and nucleic acids [47], or as resilient dormant structures that 
germinate under specific environmental conditions [48]. In support of the latter hypothesis, 
Citiulo et.al showed that chlamydospores were able to germinate into hyphae and yeast 
form cells under specific environmental conditions [49]. However, in this same study, 
chlamydospores were unable to withstand adverse environmental conditions, such as 
desiccation, and nutrient limitation, which are typical attributes of other fungal spores, and 
actually died faster compared to yeast form cells [49]. Thus, concrete evidence for the 
functions of chlamydospores is still nonexistent. 

 
Growth conditions, structure, composition and germination 

Candida chlamydospores have been rarely observed from in vivo tissue samples 
[50,51]. They are, however, readily observed in vitro under standard chlamydospore-
inducing conditions, consisting of growth on complex nutrient media supplemented with 
detergents like Tween 80 at room temperature, under oxygen-limitation, and in the dark 
[46,52]. Commonly used media to induce chlamydospore formation is corn meal agar 
(CMA) with Tween 80 and rice meal extract (RE) with Tween 80 [53]. As C. dubliniensis 
was not identified as a different species until the year 1995, early studies in on Candida 
chlamydospores largely focused on empirically establishing the different media 
components and environmental conditions that could induce chlamydospore formation in 
C. albicans. The finding that the addition of detergent like Tween 80 to rice infusion agar 
improved chlamydospore formation was first described by Claire Taschdijan in 1953 [54]. 
Other media used for the induction of Candida chlamydospores include potato carrot agar 
with bile salts [55], soil extract agar [56], RIOT medium [57] and cornmeal broth plus 5% 
milk [58]. As C. albicans and C. dubliniensis both share similar phenotypic traits including 
chlamydospore formation distinguishing between these two species in the clinic can be 
difficult. However, C. albicans and C. dubliniensis have different carbon assimilation 

Chlamydospores 

Hyphae 

Figure 1.1 C. albicans chlamydospores. Chlamydospore formation by the C. albicans 
wildtype reference strain (SN250) grown under standard chlamydospore inducing 
conditions (cornmeal agar (CMA) plus Tween 80 medium, incubated at room temperature 
under oxygen limiting conditions in the dark for 8 days) and observed microscopically at 
20X magnification. Scale bar represents 10µM. 
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profiles as well as differences in their abilities to form chlamydospores on Staib agar and 
Pal’s agar [59,60].  

In the early 1970’s, studies describing the composition and structure of C. albicans 
chlamydospores were published. Electron microscopy studies by Miller et.al and Daroczy 
et.al   [61,62] described the structure of C. albicans chlamydospores, and a study by 
Jansons and Nickerson used chemical and staining methods to study their composition [63]. 
Together, these studies revealed that C. albicans chlamydospores are composed of a double 
layered cell wall, with a thinner outer layer largely composed of ß-1, 3 glucan and chitin, 
and a thicker inner layer composed of keratin [61–63]. Interestingly, the inner layer of the 
double cell wall of C. dubliniensis chlamydospores is composed of chitosan (deacetylated 
chitin) instead of keratin [64]. The thickness of the cell wall is known to increase with the 
age of the chlamydospore (mature chlamydospores have cell walls ~ 400nm in thickness). 
Chemical analyses and staining procedures revealed that the center of chlamydospores is 
rich in lipids, proteins, mitochondria, ribosomes and nucleic acids [45,47,63]. As both 
DNA and RNA have been found to be present inside chlamydospores, several researchers 
hypothesize that chlamydospores are active structures that can germinate once favorable 
conditions reappear. Interestingly, it has been shown that the lifespan and activity of 
chlamydospores is dependent on the age of the spore, with older chlamydospores (>2 
weeks old) reported to be non-responsive to germination [49]. There have been conflicting 
reports about germination of chlamydospores. Some studies have shown that young 
chlamydospores (~2-3 days old) can germinate to form yeast form cells and pseudohyphal 
cells [48,49,65]. 
 
Candida chlamydospores: formation and isolation 

In 2005, Martin et.al studied the temporal formation of C. albicans chlamydospores 
using time lapse fluorescence microscopy [66]. This study revealed that by day 3, an 
immature chlamydospore starts to form at the tip of a specialized cell called a suspensor 
cell at the terminal or lateral end of a hyphal cell. At this time, a septin ring forms at the 
neck of the suspensor cell and the immature chlamydospore. Nuclear division takes place 
inside the suspensor cell and one daughter nucleus migrates to the immature 
chlamydospore; a process distinct from other morphological transitions. For example, in 
order for yeast form cells to bud, nuclear division takes place across the mother-daughter 
neck junction, while for hyphal cell formation, the two nuclei travel to the daughter cell 
and one nucleus returns to the mother cell [44]. Once the nucleus migrates inside the 
immature chlamydospore, the maturation of the chlamydospore begins, and a thick cell 
wall and septin proteins surround the chlamydospore. 

To study chlamydospores as separate entities, detached from the hyphal cell parent, 
some studies have focused on methods to isolate chlamydospores. It was found that by 
growing C. albicans in liquid chlamydospore inducing media, such as corn meal broth, a 
large number of chlamydospores can be included to form in bulk and these chlamydospores 
can then be isolated using enzymatic separation methods (e.g., zymolase or B-
glucuronidase treatments) or using physical ultrasonic treatment, followed by sucrose 
density ultracentrifugation [45,49,67]. However, this isolation procedure has been shown 
to impact the structure of the isolated chlamydospores, likely due to the harsh enzymatic 
separation methods used.  
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 1.2 Genetic regulation of chlamydospore formation 
Transcription factors (TFs) are sequence specific DNA binding proteins that control 

the transcription of specific genes by binding to upstream intergenic regions (i.e., cis 
regulatory elements) that ultimately affect the spatial and temporal expression of 
downstream target genes. Known TFs reported to play roles in C. albicans chlamydospore 
formation are listed in Table 1.1. Other proteins known to play functional roles in C. 
albicans chlamydospore formation are listed in Table 1.2. These proteins have largely been 
studied in C. albicans, and while orthologous proteins have been identified in C. 
dubliniensis, their roles are still uncharacterized. 
1.2.1. Transcription factors regulating chlamydospore formation 
 
1. Efg1 

Efg1, a bHLH transcription factor was the first TF reported to be involved in 
chlamydospore formation in C. albicans. Efg1 belongs to the APSES group of proteins, 
sharing a highly conserved 100bp region that is known to be involved in different 
morphological programs (e.g., Asm1 from N. crassa, Ptd1 and Sok2 from S. cerevisiae, 
StuA from Aspergillus nidulans) [68,69]. C. albicans Efg1 is known to be involved in 
multiple signaling pathways, including initiation of hyphal formation [70], white-opaque 
switching [71], and glycolytic metabolic pathways [68]. Efg1 is an important downstream 
target of the Ras-1 cAMP/PKA signaling pathway acting as an activator of filamentation 
under specific hyphal inducing conditions [70].  Under chlamydospore inducing 
conditions, however, Sonneborn et al. reported that the Δ/Δefg1 strain is hyperfilamentous, 
thus uncovering a role for Efg1 as a repressor of filamentation under chlamydospore 
inducing conditions [72]. Based on these findings, Efg1 can act as both an activator and as 
a repressor of filamentation depending on the environmental conditions [73]. In addition, 
under chlamydospore inducing conditions, the Δ/Δefg1 strain is defective in 
chlamydospore formation, establishing it as an important regulator of this process [73]. 
Efg1 is known to be phosphorylated by the protein kinase Tpk2, and this phosphorylation 
event is necessary for chlamydospore formation [73]. Additionally, other components of 
the Ras-1 cAMP/PKA pathway, including the RAS signal transduction GTPase Ras1, and 
the adenylyl cyclase Cyr1 are also required for chlamydospore formation (Δ/Δras1 and 
Δ/Δcyr1 strains fail to produce chlamydospores) [74].  
 
 
2. Nrg1 

Nrg1 is a highly conserved zinc finger TF that is a general repressor of transcription 
in C. albicans that is known to act via Tup1-Ssn6. [72,75]. The Δ/Δnrg1 strain is known to 
be hyperfilamentous under nonfilament inducing conditions, thus elucidating a role for 
Nrg1 as a repressor of filamentation [75]. In terms of chlamydospore formation, the 
Δ/Δnrg1 strain is hypersporulative, forming a higher number of chlamydospores compared 
to the wildtype strain [74], indicating that Nrg1 is a repressor of chlamydospore formation 
in C. albicans. Of the Candida clade, only C. dubliniensis and C. albicans form 
chlamydospores. C. dubliniensis but not C. albicans has been shown to form 
chlamydospores when grown on Staib agar [59]. This phenotypic difference has been 
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attributed to differential expression of NRG1 between the two species, in which CdNRG1 
is specifically downregulated to allow for chlamydospore formation on Staib agar, while 
CaNRG1 is not [76]. More importantly, it has also been shown that deletion of CaNRG1 
allows for chlamydospore formation on Staib agar by C. albicans and that heterologous 
expression of CaNRG1 in C. dubliniensis restricts chlamydospore formation on Staib agar 
[76].  
 
3. Rme1 

Recently, Rme1 was identified as a key regulator necessary for chlamydospore 
formation [77]. Hernández-Cervantes et al. performed genome wide binding studies to 
identify the downstream target genes of Rme1 under chlamydospore inducing conditions 
using potato carrot bile agar. Their findings demonstrated that under the conditions tested, 
Rme1 acts as a master regulator of chlamydospore formation in C. albicans [77]. The Rme1 
ortholog in S. cerevisiae is well characterized and is known to be a repressor of meiosis 
[78].  
 
4. Grf10  

Grf10 is a homeobox transcription factor that has a 60bp conserved homeodomain 
[79]. In general, homeodomain containing transcription factors have been identified to be 
involved in morphological and developmental pathways in eukaryotes. In terms of C. 
albicans, Ghosh et al. reported that the Δ/Δgrf10  strain rarely forms chlamydospores and 
exhibits filamentation defects under chlamydospore inducing conditions (CMA plus 1% 
Tween 80 at 250C for 3-5 days) [80].  
 
5. Isw2 and Rim101  
Nobile et al. conducted one of the first genetic screens to identify genes involved in 
chlamydospore formation by screening a library of 217 insertion mutant strains [46]. This 
study identified 2 TFs, Isw2 and Rim101, that were required for efficient chlamydospore 
formation in C. albicans; the Δ/Δisw2 strain failed to form chlamydospores, while the 
Δ/Δrim101 strain showed delayed chlamydospore formation [46].  
 
 6. Gcn4, Gln3, Gat1 

In order to understand the nutritional control of C. albicans chlamydosporulation, 
Bottcher et al. tested different nutrient medium varying in sugar and nitrogen sources and 
found that the presence of a readily fermentable carbon source (glucose) and a nitrogen 
source (peptone) strongly inhibit chlamydospore formation [74]. TFs involved in nitrogen 
catabolite repression (Gln3 and Gat1) and amino acid biosynthesis (Gcn4), were found to 
be important for chlamydospore formation (Δ/Δgcn4 and Δ/Δgat1 strains failed to produce 
chlamydospores and a Δ/Δgln3 strain formed fewer chlamydospores than the wildtype 
strain) [74].  
 
1.2.2 Other proteins involved in chlamydospore formation 
1. The MAP kinase Hog1 

The mitogen activated protein (MAP) kinase pathway is important for 
chlamydospore formation. Oxygen limitation is required for chlamydospore formation, and 
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one of the kinases in the MAPK pathway, Hog1, acts a general repressor of filamentation 
during oxygen limitation [81–83]. Alonso-Monge et al. studied the role of the MAP kinase 
Hog1 in chlamydospore formation, and found that Hog1 is essential for chlamydospore 
formation under chlamydospore inducing conditions [82].  
 
2. The fatty acid desaturase Ole1 

As cell membrane stability and fluidity play important roles in morphological 
transitions, Krishnamurthy et al. studied the importance of cell membrane oleic acid levels 
in morphogenesis. They found that oleic acids were essential for cell wall fluidity, hyphal 
formation, and morphological transitions in C. albicans [84]. They also found that the fatty 
acid desaturase Ole1 is essential for C. albicans chlamydospore formation [84]. 
Interestingly, addition of Tween 80 (an oleic acid ester surfactant) was shown to enhance 
chlamydospore formation [54], possibly via stabilization of the cell membrane. 
 
3. The dityrosine synthase Dit2 
  In S. cerevisiae, the cytochrome P450 family monooxygenase enzyme Dit2 is 
important for dityrosine synthesis, which is necessary for formation of the outer spore wall. 
In C. albicans, Dit2 is required for N,N’-bisformyl dityrosine production and 
chlamydospore formation (a Δ/Δdit2 strain formed pseudohyphae but failed to produce 
chlamydospores) [85]. In contradiction to this earlier finding, however, a study by Bemena 
et al. found that dityrosine was not a component of the cell wall of C. albicans or C. 
dubliniensis chlamydospores [64]. Both studies induced chlamydospore formation using 
cornmeal agar plus Tween 80. The contradictory results between these two studies could 
be due to the fact that the former study assayed the presence of dityrosine in the 
chlamydospore cell wall using fluorescence microscopy under UV illumination, while the 
latter study used a dityrosine optimized filter set. 
 
4. The dolichol phosphate mannose synthase Dpm 

Dolichol phosphate mannose (Dpm) acts as a substrate donating mannose to 
enzymes of the endoplasmic reticulum. The enzyme that produces Dpm is Dpm synthase 
(consisting of 3 subunits: Dpm1, Dpm2, and Dpm3), whose activity is essential for cell 
viability and glycosylation. By expressing the 3 Dpm synthase subunits under doxycycline 
inducible promoters, and growing these strains under chlamydospore inducing conditions, 
Juchimuik et al. found that Dpm1 and Dpm3 are required for chlamydospore formation, 
but Dpm2 is not [86].  
 
5. Sch9, Suv3, Mds3 and Rim13 
Other proteins involved in chlamydospore formation that were identified by Nobile et al. 
were Sch9, Suv3, Mds3, and Rim13 [46]. Sch9 and Suv3 are well characterized in S. 
cerevisiae, where Sch9 is a protein kinase involved in stress signaling pathways and Suv3 
is a mitochondrial ATP dependent RNA helicase. Rim13 and Mds3 are involved in pH 
sensing in C. albicans. The Δ/Δsch9 and Δ/Δsuv3 strains failed to form chlamydospores, 
while the Δ/Δmds3 and Δ/Δrim13 strains were important for timely formation of 
chlamydospores [46]. 
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Table 1.1: List of transcription factors (TFs) known to be involved in 
chlamydospore formation. 

 
Table 1.2: List of other proteins known to be involved in chlamydospore formation. 

 
1.2.3 Transcriptomic analyses of chlamydosporulation 

Palige et al. compared the global transcriptomic profiles of C. albicans and C. 
dubliniensis by RNA sequencing. This study identified two cell wall related proteins, Csp1 
and Csp2, that were exclusively localized to the chlamydospore cell wall and were termed 
chlamydospore specific markers for C. albicans and C. dubliniensis [88]. In another study, 
Giosa et al. compared whole RNA transcriptomic assembly datasets under chlamydospore 
inducing conditions of the hyperchlamydosporulating C. albicans strain GE1 and a 
biovariant strain of C. albicans, called Candida africana, that does not form 
chlamydospores. This comparative study identified two novel transcriptionally active 
regions (nTARs), nTAR1 and nTAR2, that are highly transcriptionally active during 
chlamydospore formation [89]. 
 
1.2.4 Proteomic analyses of chlamydosporulation 

Recently, proteomic analyses of C. albicans cells undergoing chlamydosporulation 
have been reported [90,91]. LC-MS/MS and SWATH-MS were used to identify proteomic 
profiles complementing the metabolic and gene expression changes occurring during 
chlamydosporulation (e.g., changes in cellular architecture, stress adaptation, and 

TF name Known functions and or pathways Reference 
Efg1 Filamentation, white opaque switch [73] 
Nrg1 General repressor [76] 
Rme1 Chlamydospore formation [77] 
Grf10 Morphogenesis [80] 
Isw2 Chromatin remodelling [45] 

Rim101 pH dependent filamentation [46] 
Gat1 Nitrogen utilization [74] 
Gcn4 Amino acid assimilation [74] 
Gln3 Nitrogen starvation induced filamentation [74] 

Protein name Known functions and or pathways Reference 
Sch9 Protein kinase involved in growth control [46] 
Suv3 RNA helicase [46] 
Mds3 TOR signalling pathway, hyphal formation [46] 
Hog1 MAP kinase, stress signalling [83] 
Rim13 Protease of pH response pathway [46] 
Ole1 Fatty acid desaturase involved in oleic acid synthesis [84] 
Dit2 Monooxygenase of cytochrome 450 family [85,87] 

Dpm1 and Dpm3 Dolichol phosphate mannose synthase subunit 1 [86] 
Ras1 Ras GTPase, important in signalling pathways [74] 
Cyr1 Adenylate cyclase, cAMP PKA signalling pathway [74] 
Csp1 Cell wall protein [88] 
Csp2 Cell wall protein [88] 
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cytoskeletal rearrangements). The Candida Genome database (CGD), Kyoto encyclopedia 
of genes and genomes (KEGG) pathways, Saccharomyces genome database (SGD) and 
UniProt were used to identify putative functions for the proteins identified. A total of 1177 
proteins were identified of which 319 were shown to be significantly modulated (137 
upregulated and 182 downregulated) during chlamydosporulation. 
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CHAPTER 2 
 
An interwoven transcriptional network controls chlamydospore 
formation in the human fungal pathogen Candida albicans 
 
In preparation for submission; Authors: Bapat Priyanka S, Gunasekaran Deepika, Nobile 
Clarissa J. 
 
2.1 Abstract 
 Fungi are known to survive in diverse environmental conditions.  Many fungi are 
polymorphic and can switch between different morphologies best suited to thrive in a 
particular environment. A normal resident of healthy humans and warm-blooded animals, 
Candida albicans is a commensal fungus that is also among the most common 
opportunistic pathogens of humans. C. albicans forms large, spherical thick-walled 
morphological structures called chlamydospores, routinely observed terminally or laterally 
to hyphae under in vitro conditions. Chlamydospores have been rarely observed on C. 
albicans infected in vivo tissue samples and the biological functions of C. albicans 
chlamydospores are currently unknown. Our understanding of transcriptional regulation of 
chlamydospore formation in C. albicans is limited. In this study, we aimed to identify the 
transcriptional regulatory network controlling chlamydospore formation in C. albicans 
using forward genetics and genome wide approaches. We screened a library of 211 C. 
albicans transcription factor homozygous deletion mutants to assay for their abilities to 
form chlamydospores under standard chlamydospore-inducing growth conditions. We 
identified nine core regulators of chlamydospore formation from this screen. Six of these 
regulators (Sfl1, Rme1, Cup9, Aaf1, Efg1, and Ume6), when deleted fail to produce 
chlamydospores and three of these regulators (Nrg1, Zcf8, and Rfg1), when deleted 
produce high levels of chlamydospores relative to the wildtype strain. Using genome wide 
approaches (RNA-seq and ChIP-seq), we identified the complete C. albicans 
chlamydospore transcriptional network that is composed of these nine core regulators and 
over ~3200 downstream target genes. Functional enrichment analysis for metabolic 
pathways that are enriched in the RNA-seq data suggests roles for SNARE vesicular 
transport, fatty acid degradation, and cell wall biosynthesis pathways in chlamydospore 
formation. We also identified other transcription factors, such as Rob1 and Tye7, and 
kinases, such as Ssk2, as downstream targets regulated by the core regulators. Network 
analyses based on conserved orthologous relationships of select genes within the network 
revealed that the network is comprised of 65% “old” genes and 35% “young” genes, 
indicative of the network being fairly well conserved.  
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2.2 Introduction 
Fungi are known to survive under diverse environmental conditions and to adapt 

quickly to environmental changes [1]. Many fungal species are polymorphic and can switch 
between different morphologies best suited to thrive in a particular environment [2–4].  
Candida albicans is a  an asymptomatic commensal organism of humans and other warm 
blooded animals that colonizes the mucocutaneous surfaces of the mouth, skin, and 
gastrointestinal and genitourinary tracts of most humans [5,6]. C. albicans can switch 
between different morphologies depending on the environmental conditions [7–10]. Some 
of the phenotypes and morphologies that have been identified for C. albicans include the 
round yeast form, the hyphal form, pseudohyphal form, and chlamydospores [11–13]. 
Chlamydospores are enigmatic structures that are formed by two closely related members 
of the Candida clade species: C. albicans and C. dubliniensis [14,15].  

Chlamydospores are characterized by their relatively large size (7-12µm), spherical 
shape, thick-walls, and are observed to form on the terminal or lateral ends of hyphae under 
specific in vitro environmental conditions (complex nutrient media, room temperature, 
oxygen-limiting and dark conditions) [12,16–18]. Chlamydospores have been rarely 
observed in vivo [19,20]. C. albicans chlamydospores are composed of a double layered 
cell wall, with a thinner outer layer largely composed of ß-1, 3 glucan and chitin, and a 
thicker inner layer composed of keratin [21–23]. Chemical analyses and staining 
procedures revealed that the center of chlamydospores is rich in lipids, proteins, 
mitochondria, ribosomes and nucleic acids [23–25]. As both DNA and RNA have been 
found to be present inside chlamydospores, several researchers hypothesize that 
chlamydospores are active structures that can germinate once favorable conditions 
reappear. Interestingly, it has been shown that the lifespan and activity of chlamydospores 
is dependent on the age of the spore, with older chlamydospores (>2 weeks old) reported 
to be non-responsive to germination [26]. There have been conflicting reports about 
germination of chlamydospores. Some studies have shown that young chlamydospores 
(~2-3 days old) can germinate to form yeast form cells and pseudohyphal cells [26–28]. 

Little is known about how C. albicans chlamydospores are regulated. Transcription 
factors like Efg1, Nrg1, Rme1, Grf10, Rim101, Isw2, Gln3, Gat1, and Gcn4 [16,24,29–33] 
and enzymes like Hog1, Ole1, Sch9, and Suv3 [16,34,35] have been implicated in C. 
albicans chlamydosporulation. D/Defg1, D/Drme1, and D/Dgrf10 transcription factor 
mutant strains are known to fail to produce chlamydospore under chlamydospore inducing 
conditions. The transcription factors Rim101 and Isw2 were found to be required for the 
timely development of chlamydospores and for suspensor cell formation, respectively. The 
D/Dnrg1 mutant strain was found to be hypersporulative, forming a higher number of 
chlamydospores relative to the wildtype (WT) strain. Nonetheless, the regulatory network 
controlling chlamydospore formation in C. albicans is currently unidentified. 
Understanding how chlamydospores are regulated may provide insight into their biological 
functions. 

Here, we combine forward genetics and genome wide approaches, particularly 
RNA sequencing and chromatin immunoprecipitation followed by sequencing to 
comprehensively map the transcriptional regulatory network controlling chlamydospore 
formation in C. albicans. We identified a highly interwoven chlamydospore transcriptional 
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network consisting of nine core regulators controlling over ~3200 downstream target 
genes. We also identified genes encoding other transcription factors (e.g., ROB1 and TYE7) 
and genes encoding kinases (e.g., SSK2) as downstream target genes regulated by one or 
more of the core regulators. Preliminary network analyses based on conserved orthologous 
relationships of select genes within the network revealed that the network is comprised of 
65% “old” genes and 35% “young” genes.  
2.3 Materials and Methods 
 
2.3.1 Strains and media 

The previously described C. albicans reference strain SN250 (His+Leu+Arg- 
background), a derivative of clinical isolate strain SC5314 was used throughout the study 
as the wildtype reference strain (WT) [36,37]. The previously described 211 C. albicans 
transcription factor (TF) deletion mutant library (His+Leu+Arg-) [38,39] was used to 
screen for chlamydospore formation (available at the Fungal Genetics Stock Center 
(http://www.fgsc.net/). C. albicans cells were recovered from -80oC glycerol stocks for 
two days at 30oC on yeast extract peptone dextrose (YPD) agar plates (1% yeast extract 
(Thermo Fisher Scientific, Catalog #211929), 2% Bacto peptone (Gibco, Catalog 
#211677), 2% dextrose (Fisher Scientific Catalog #D16-3), and 2% agar (Criterion, 
Catalog #89405-066)). Overnight cultures were grown for ~15h at 30°C, shaking at 225rpm 
in YPD liquid medium (1% yeast extract (Thermo Fisher Scientific, Catalog #211929), 2% 
Bacto peptone (Gibco, Catalog #211677), and 2% dextrose (Fisher Scientific Catalog 
#D16-3)). Overnight cultures were grown for ~15h at 30oC, shaking at 225rpm in YPD 
liquid (1% yeast extract, 2% Bacto peptone, and 2% dextrose). Other C. albicans clinical 
isolates used in this study are strain #0761 (AR0761) and #0762 (AR0762) (Centers for 
Disease Control and Prevention (CDC) AR Isolate Bank, Drug Resistance Candida species 
panel; https://wwwn.cdc.gov/ARIsolateBank/, and C. albicans strains P76067, P57055, 
P87, and P75010 [40]. 
 
2.3.2 Transcription factor deletion library screen for chlamydospore formation  

Serial dilutions were made in PBS (Phosphate buffer saline) and incubated under 
standard chlamydospore inducing conditions on 17g/L cornmeal agar (CMA) (Hardy 
Diagnostics Catalog #C5491) plus 0.33% Tween 80 agar plates (Sigma Aldrich Catalog 
#P4780) unless otherwise indicated, under a sterile glass coverslip (Fisher Scientific # 12-
541-B) using Dalmau inoculation technique and stored in the dark at room temperature for 
8 days [16,41]. WT strain was incubated under non-chlamydospore inducing conditions 
which included growth on 17g/L cornmeal agar (CMA) (Hardy Diagnostics Catalog 
#C5491) plus 0.33% Tween 80 agar plates (Sigma Aldrich Catalog #P4780), under a sterile 
glass coverslip (Fisher Scientific # 12-541-B) using Dalmau inoculation technique and 
stored under white light conditions at room temperature for 8 days [16,41]. The plates were 
then examined via light microscopy at 20X magnification, counting 15 representative fields 
of view for chlamydospore formation for all strains. TF mutant strains that failed to form 
any chlamydospores were grouped together as chlamydospore non-former strains and TF 
mutants that produced higher chlamydospores compared to the WT strain were grouped 
together as chlamydospore high-former strains. Chlamydospore formation was also 
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assessed on 20g/L rice extract agar (RE) (Fisher Scientific Catalog # L11567) [42] and 
24g/L potato carrot bile medium (PCB) (HiMedia Catalog # M696500G plus 1.5% bile 
salts Difco Catalog # DF0130-15-6) [31]. All core TF regulators were screened and 
confirmed at least five times on CMA plus Tween 80 medium and three times on RE Tween 
80 medium and PCB medium; and the entire 211 TF deletion mutant library was tested at 
least two times on CMA Tween 80 medium. 
 
2.3.3 Strain construction 
2.3.3.1 GFP tagging of core transcription factors 

GFP tagged strains were generated using a previously described method [43]. In 
brief, we used CRISPR-Cas9 to incorporate a GFP tag at the 3’ end of the identified core 
TFs in the SN250 background. Briefly, gRNA was identified near the stop codon of the TF 
of interest, and GFP sequence was introduced from the plasmid pCE001. Upstream donor 
DNA was designed with a minimum 50bp homology upstream into the 5’end of TF of 
interest and a minimum 20bp in the start of the eGFPtag. The downstream donor DNA was 
constructed with 20bp homology at the end of the eGFPtag and 50bp homology to the 
downstream sequence of the TF. After the amplifying the A, B and C fragments and the 
donor DNA, transformations were performed for 15 min at 44°C, the cells were plated 
YPD+NAT200 medium (1% yeast extract (Thermo Fisher Scientific, Catalog #211929), 2% 
Bacto peptone (Gibco, Catalog #211677), 2% dextrose (Fisher Scientific Catalog #D16-3), 
and 2% agar (Criterion, Catalog #89405-066), 0.2g/L nourseothricin (GoldBio Catalog # 
N-500-2) and incubated for 2 days at room temperature. Colonies were patched on SD-Leu 
plates and positive colonies were patched on YPD and YPD+NAT400 (1% yeast extract 
(Thermo Fisher Scientific, Catalog #211929), 2% Bacto peptone (Gibco, Catalog 
#211677), 2% dextrose (Fisher Scientific Catalog #D16-3), 2% agar (Criterion, Catalog 
#89405-066) and 0.2g/L nourseothricin (GoldBio Catalog # N-500-2)  [43]. The LeUP-
OUT colonies were confirmed using colony PCR. The expression of GFP tag was 
confirmed under chlamydospore inducing conditions using fluorescence EVOS 
microscope under 60X oil immersion lens.  
 
2.3.3.2 Target gene deletion and complementation strains 

The downstream target genes were deleted using a previously described CRISPR-
Cas9 method [43]. Briefly, the gRNA was identified in the open reading frame (ORF) of 
the gene of interest, and upstream and downstream donor DNA was generated with at least 
100bp homology from the site of orf deletion. For addback gene complementation strains, 
gRNA was designed within the donor DNA of the deletion strain and the complementation 
upstream and downstream donor DNA was designed with at least 200bp homology in 
upstream and downstream regions. The chlamydospore forming ability of target gene 
deletion and complementation strains were tested using the standard chlamydospore 
inducing conditions described above. 
 
2.3.4. RNA sequencing 
2.3.4.1 Cell harvesting for RNA extraction 

RNA extraction was performed from the WT strain and core TF deletion mutant 
strains grown under chlamydospore inducing conditions (five plates per strain) for 8 days. 
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On day 8, the cells directly underneath the coverslips and those cells attached to coverslips 
were collected in 10 mL PBS using sterile loops and centrifuged at 3,000 x g for 5 min at 
4oC. RNA extractions were performed as per the user manual instructions using the 
Ribopure-Yeast RNA kit (Ambion, Catalog #AM1926). Briefly, the harvested cells were 
lysed in lysis buffer on Omni Bead beater for 8 cycles (30s On, 2 min Off), > 90% cell 
lysis was checked under the light microscope and aqueous phase was applied to filter 
cartridges; following which sequential wash steps were carried out as per the user manual 
instructions. After the final DNase treatment, the extracted and purified RNA was assessed 
for purity and yield using Nanodrop ND-1000 and stored at -80oC freezer until further use. 
Two biological replicates per strain were processed.  
 
2.3.4.2. Library generation and RNA 3’ tag sequencing 

The RNA-seq library was prepared using Lexogen’s quantseq 3' mRNA-Seq 
Library Prep Kit FWD as per Illumina user manual instructions [44]. Briefly, poly(A) RNA 
was reverse transcribed, and second strand synthesis was carried out. Finally, double 
stranded cDNA library was processed for library amplification using i7 index adaptors. 
Following purification, the RNA quality and yield was determined using Qubit 4.0. Two 
biological replicates per strain prepared and libraries were sequenced on Hi-seq 5000 
sequencer at DNA technologies core, UC Davis.  
 
2.3.4.3 RNA sequencing data analysis   

The RNA-seq data was analyzed using Lexogen quantseq Bluebee data analysis 
platform. In brief, Bluebee pipeline 1 was used for trimming and removal of low-quality 
tails using bbmap suite and STAR aligner with modified ENCODE settings was used for 
alignment to SC5314 genome [45]. Htseq-count with kit specific options (FWD) was used 
for gene count reading. DESeq2 was used to identify the differentially expressed genes 
between different strains (2 biological replicates each). The downstream target genes were 
identified using Upset plots [46,47] and functional enrichment analysis was performed as 
mentioned.  
 
2.3.4.4 Functional enrichment analysis 

Functional enrichment analyses of the genes regulated by transcription factors and 
other gene sets were performed using the clusterProfiler package (version 3.14.3) in R. The 
functional categories of these gene sets were identified using Gene Ontology (GO) 
enrichment and KEGG metabolic pathway enrichment. GO term annotations were 
retrieved from CGD and enriched cellular components, molecular functions and biological 
processes were identified using Enrichr [48]. A GO term was considered as enriched if the 
FDR adjusted p-value was less than 0.05. Metabolic pathways were annotated using the 
KEGG database for C. albicans and enriched KEGG pathways were identified using 
enrichKEGG with the clusterProfiler package (using FDR p-value cutoff of 0.05). The 
enriched KEGG pathways were then visualized using Pathview [49]. 
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2.3.5 Chromatin Immunoprecipitation followed by sequencing (ChIP-seq) 
2.3.5.1 Cell harvesting, DNA extraction and library preparation 

ChIP sequencing was performed as previously described [50,51]. Briefly, the 
untagged control and GFP tagged strains were grown under chlamydospore inducing 
conditions on CMA plus 0.33% Tween 80 (ten plates per strain) for 8 days. On day 8, the 
cells were harvested in 24 mL nuclease free water and crosslinked with 1% formaldehyde 
(Sigma Aldrich Catalog # F8775-4X25 mL) for 15 min on nutator and quenched using 2.M 
glycine (Sigma Aldrich catalog # G7126) for 5 min and stored at -80 until further use. The 
cells were lysed using bead beating for 8 cycles and checked for >90% cell lysis. The 
chromatin was sheared using Bioruptor sonicator (20 cycles, 30s on, 1min off). For every 
ChIP sample, 5 uL of Living Colors Full length GFP Polyclonal Antibody (Clontech # 
632692) and Protein-A Sepharose 4B Fast Flow beads (Sigma P9424) were used for the 
immunoprecipitation step. Samples were purified following protease treatment and 
crosslinks were reversed by incubating the samples at 65oC. The ChIP-DNA was quantified 
using Qubit 4.0. and sent to Novogene for ChIP library preparation using NEB Next Ultra 
II DNA Library Prep Kit followed by sequencing on Illumina NovoSeq platform PE150 
sequencer. Two biological replicates per strain were tested. 
 
2.3.5.2 ChIP-seq data analysis with TF motif binding sequence identification 

The reads were sequenced using Illumina NovoSeq platform PE150 and the quality 
of the sequencing data was verified using FastQC (version 0.11.9) [52]. The adapters were 
trimmed using Trimmomatic (version 0.38) and high-quality bases were enriched by 
removing leading and trailing bases below the quality score of 3. The reads were scanned 
with a 4-base sliding window and trimmed when the average quality per base 
dropped below 15 [53]. Additionally, trimmed reads less than 80 base pairs in length were 
discarded. The trimmed reads were mapped to the reference genome of C. 
albicans SC5314 obtained from the Candida Genome Database (CGD) (assembly version 
21) using Bowtie2 (version 2.3.4.3) [54,55]. Reads that aligned to more than one locus in 
the genome were randomly mapped to a locus. Peaks were then called using 
MACS2 (version 2.1.2) by combining biological replicates, with a false discover rate 
cutoff of 0.05 [56,57]. The binding motif for each transcription factor (TF) was obtained 
using MochiView [57] as mentioned in Nobile et. al. 2012 [51]. Briefly, a 250 bp region 
flanking the peak summit was retrieved for each peak. For each TF, half of the peaks were 
used for motif identification and the top five identified motifs were tested for enrichment 
in the remaining peaks.  The motifs were identified using the motif finder function and the 
refined motifs (‘from CULL refinement’) were tested for enrichment in the remaining 50% 
of peaks using the motif enrichment table function. The motif most enriched in the test set 
was then considered as the representative motif for the TF. Binding peaks were visualized 
using MochiView and file conversion between file types was performed using SAMtools 

[57,58]. The transcriptional regulatory network was constructed by combining peaks called 
using MACS2 and differentially expressed genes in WT strain SN250 subjected to 
chlamydospore inducing conditions (using an adjusted p-value threshold of < 0.05 and a 
log2 fold change threshold of 0.58). The chlamydospore regulatory network was 
visualized using the networkD3 package in R. 
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2.3.6 Identification of functionally relevant candidate target genes in the 
chlamydospore regulatory network  

Functionally relevant downstream target genes were identified and prioritized 
based on two criteria: (1) by the target genes that were the most differentially expressed 
based on the RNA-seq data of the nine core TF mutant strains, and (2) by the total number 
of core TF regulator binding events detected in the upstream regulatory regions of the target 
genes.  
 
2.3.7 Conservation of the chlamydospore regulatory network  

Preliminary analyses on the conservation of the chlamydospore regulatory network 
using the nine core TFs and 27 commonly bound target genes were determined for C.  
albicans, non-albicans Candida species (C.  dubliniensis, C.  tropicalis, C.  parapsilosis, 
and C.  glabrata), Saccharomyces cerevisiae and other known chlamydospore forming 
fungi (Blastomyces dermatitidis, Paracoccidioides brasiliensis, and Cryptococcus 
neoformans). The annotated protein coding sequences for the reference strains of these 
species were obtained from NCBI. Orthologous groups across these species were identified 
using OrthoFinder with default parameters; approximately 90% of all protein coding 
sequences were assigned to orthogroups by OrthoFinder [59,60]. In addition, OrthoFinder 
also inferred the phylogenetic relationships between the species using unrooted gene trees 
from orthogroups containing all species [61,62]. This species tree was visualized using 
Interactive Tree of Life (iTOL) and annotated with orthologous relationships of the core 
TFs and 27 commonly regulated genes between the  species (orf19.5191,  orf19.5735.3  
and orf19.4712 were excluded from the set of commonly regulated genes, due to 
ambiguous annotations) [63]. In this study, we define 'young' genes as those that are present 
and conserved only in the CTG clade in the species analyzed [64,65], and, we define 'old' 
genes as those that are present and conserved in other fungal species distantly related to C. 
albicans, such as C. neoformans and P. brasiliensis. 
 
2.4 Results 
2.4.1 Identification and phenotypic characterization of transcription factor mutants 
for chlamydospore formation in C. albicans 

Transcription factors are proteins that bind DNA in a sequence specific manner and 
that regulate the expression of their nearby target genes [38,51]. TFs are central to the 
regulation of biological processes in response to external cues while maintaining internal 
homeostasis. In order to determine the transcriptional regulatory network controlling C. 
albicans chlamydospore formation, we screened an existing library of 211 TF deletion 
mutants [38,39] to identify the TF mutants most severely affected in their abilities to form 
chlamydospores under standard chlamydospore inducing conditions (CMA Tween 80 
medium at 8 days) compared to the reference strain SN250 [66]. The TF deletion mutant 
strain library screen results were grouped into chlamydospore indices based on the ability 
of the TF mutant strain to form chlamydospores compared to the WT strain (normalized to 
1) (Figure 2.1A). CI-1 (0 chlamydospores, TF mutant failed to form chlamydospores), CI-
2 (0.01-1), CI-3 (1 and above, higher number of chlamydospores produced than WT strain). 
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From this screen, we identified 10 mutant strains (Figure 2.1B-J) that were severely 
affected in their abilities to form chlamydospores. 7 mutant strains failed completely to 
form chlamydospores (CI-1); D/Dsfl1, D/Drme1, D/Dcup9, D/Daaf1, D/Defg1, D/Dume6, 
D/Dorf19.2131 and are collectively referred to as chlamydospore non-former strains for the 
purposes of this study. 3 mutant strains produced higher number of chlamydospores 
relative to the WT strain (CI-3); D/Dnrg1, D/Drfg1 and D/Dzcf8 and are collectively referred 
to as chlamydospore high-former strains for the purposes of this study. As these 10 
transcription factor mutant strains were most severely affected in their abilities to form 
chlamydospores, we considered them to be core regulators of chlamydospore formation. 
Furthermore, we tested these 10 strains on additional medium reported to induce 
chlamydospore formation (e.g., rice extract agar medium and potato carrot bile agar 
medium) [31,42,67]. We found that the D/Dorf19.2131 strain did not form chlamydospores 
on CMA Tween 80 medium, however it readily formed chlamydospores on rice extract 
agar medium (Figure S2.1) and was deemed to be a CMA Tween 80 specific regulator. 
Since this strain formed chlamydospores in a condition specific manner, we did not include 
it in our downstream analysis. Results for chlamydospore formation on PCB medium were 
similar to results on CMA Tween 80 medium and are shown in (Figure S2.2). The screen 
was carried out blindly and identification of previously identified regulators like Efg1, 
Nrg1 and Rme1 which were previously reported to be involved in chlamydospore 
formation served as an internal control for the screen [29–31]. Of these mutant strains, it is 
noteworthy to mention that D/Defg1 and D/Dnrg1 are hyperfilamentous under the tested 
conditions, as previously reported [29,68]. The D/Dume6 mutant strain is yeast locked and 
did not form hyphae or pseudohyphae under the conditions tested (Figure 2G). Other 
noteworthy phenotypes under these chlamydospore inducing conditions were transcription 
factor mutant strains D/Dbrg1 and D/Dndt80B which failed to produce long hyphal 
filaments but formed chlamydospores. Transcription factor mutant strain D/Disw2 which 
has been previously reported to be required for suspensor cell formation and for timely 
formation of chlamydospores, grouped in our CI-2 index along with the transcription factor 
strain D/Drob1, both forming very few chlamydospores relative to WT strain [16,24]. We 
also tested seven other C. albicans clinical isolates for chlamydospore formation on CMA 
Tween 80 medium and found that five clinical isolates form chlamydospores comparable 
to the WT strain, while two isolates did not form chlamydospores under the conditions 
tested (Figure S2.3).   
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2.4.2 Transcriptional relationships among core chlamydospore regulators  
 
2.4.2.1 Genome wide differential gene expression patterns of chlamydospore 
regulators 

To identify the differentially expressed genes in each of the nine core regulators, 
we performed RNA-seq on the WT strain and deletion mutant strains of the identified 
regulators under chlamydospore inducing conditions and also on the WT strain under non-
chlamydospore inducing conditions. We used the 3’tagseq method  for RNA-seq [69]. 
From the RNA-seq data, in comparison to the isogenic reference strain, we found that 838 
genes were upregulated and 431 genes were downregulated in the D/Dsfl1 strain, 720 genes 
were upregulated and 833 genes were downregulated in the D/Daaf1 strain, 819 genes were 
upregulated and 786 genes were downregulated in the D/Defg1 strain, 699 genes were 
upregulated and 585 genes were downregulated in the D/Dume6 strain, 900 genes were 
upregulated and 690 genes were downregulated in the D/Dnrg1 strain, 553 genes were 
upregulated and 729 genes were downregulated in the D/Dzcf8 strain, 951 genes were 
upregulated and 1093 genes were downregulated in the D/Drme1 strain, 1025 genes were 
upregulated and 960 genes were downregulated in the D/Dcup9 strain, and 656 were 
upregulated and 774 genes were downregulated in the D/Drfg1 strain (threshold of 
log2>0.58 and log2< -0.58, padj value of ≤0.05). Further, the number of common target 
genes regulated by multiple core TFs were identified and visualized using Upset plots [47] 
(Figure S2.A- S4D). From our RNA-seq data, the differential gene regulation of the core 
regulators to each other was also determined; we found that SFL1 was downregulated in 
D/Drme1, D/Dcup9 and upregulated in D/Dnrg1; RME1 was downregulated in the D/Dsfl1, 
D/Dcup9, D/Daaf1, D/Defg1, D/Dume6, D/Dzcf8 strains and upregulated in the D/Dnrg1 

Figure 2.1 Screening and characterization of chlamydospore defective transcription 
factor mutants. (A) Scatter plot depicting the transcription factor deletion mutant strain 
library screen for chlamydospore formation. Wildtype reference strain (WT) and 211 
transcription factor deletion mutant strains were grown under chlamydospore inducing 
conditions using CMA Tween 80 medium and incubated under sterile coverslips at room 
temperature in the dark for 8 days following which they were observed using a 20X 
objective under the light microscope. 15 representative fields of view were counted to 
determine the number of chlamydospores formed by a mutant strain relative to WT strain 
where WT strain was normalized to 1 (pink dashed line). Seven TF mutant strains failed to 
form chlamydospores (yellow) while three mutant strains formed more chlamydospores 
(green) relative to WT strain. Normalized average number of chlamydospores formed by 
each mutant strain relative to WT strain (n=2) are shown with standard deviation error bars. 
(B-L) Colony and cellular phenotypes of core chlamydospore transcription factor mutant 
strains under standard inducing conditions on CMA Tween 80 medium in the dark at room 
temperature under sterile coverslips for 8 days following which the plates were observed 
using a 20X objective with a brightfield microscope. Representative images are shown for 
(B) WT, (C) TF001 D/Dsfl1, (D) TF028 D/Drme1, (E) TF061 D/Dcup9, (F) TF128 D/Daaf1, 
(G) TF156 D/Defg1, (H) TF179 D/Dume6, (I) TF210 D/Dorf19.2131, (J) TF125 D/Dnrg1, 
(K) TF166 D/Drfg1, (L) TF141 D/Dzcf8. Scale bar represents 10 µM. 
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strain; CUP9 was downregulated in the D/Defg1 strain and upregulated in the D/Dnrg1 
strain; AAF1 was downregulated in the D/Dsfl1, and D/Defg1 strains and upregulated in the 
D/Dcup9 strain; NRG1 was downregulated in the D/Dsfl1, D/Daaf1, D/Defg1and D/Dume6 
strains; EFG1 was upregulated in the D/Dnrg1 strain; UME6 was upregulated in the 
D/Dnrg1, RFG1 was downregulated in the D/Dsfl1, D/Dcup9, D/Daaf1, D/Defg1, D/Dume6, 
D/Dzcf8, D/Dnrg1, and D/Drme1 strains.  Interestingly, RFG1 was found to be 
downregulated in all six chlamydospore non-former strains and in the two other 
chlamydospore high-former strains and is notably mis-regulated in all the core regulators. 

             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
   

 

 

27 

   

 

Figure 2.2 Functional enrichment analyses of chlamydospore high-former strains and 
chlamydospore non-former strains 
Chlamydospore non-former strains, high-former strains and the WT strain were grown 
under standard chlamydospore inducing conditions on CMA Tween 80 medium under 
oxygen limiting conditions in the dark at room temperature for 8 days and RNA-sequencing 
was performed on the harvested cells following which functional enrichment analysis was 
performed (A) Upset plot for GSEA functional enrichment of biological processes for 
chlamydospore non-former strains vs the WT strain under chlamydospore inducing 
conditions using clusterProfiler GSEA (B) Upset plot for GSEA functional enrichment of 



 
   

 

 

28 

   

 

biological processes for chlamydospore high-former strains vs the WT strain under 
chlamydospore non-inducing conditions using clusterProfiler. (C) Network plot showing 
the KEGG pathway enrichment between chlamydospore high-former strains vs the 
chlamydospore non-former strains using enrichKEGG program. The sizes of the nodes 
range from 10 genes to 30 genes (padj < 0.036). The thickness of the interconnecting lines 
shows the number of genes shared by the two pathways. (D) Network plot showing the 
KEGG pathway enrichment between chlamydospore non-former strains vs the WT strain 
under chlamydospore inducing conditions using enrichKEGG. The sizes of the nodes range 
from 10 genes to 50 genes (padj < 0.025). The thickness of the interconnecting lines shows 
the number of genes shared by the two pathways. 
 

For commonly regulated target genes for chlamydospore high-former strains, we 
found 27 genes commonly upregulated and 59 genes commonly downregulated (Figure 
S2.4A and S2.4B), while 12 genes were commonly downregulated in chlamydospore non-
former strains (threshold of log2>0.58 and log2< -0.58, padj value of ≤0.05) (Figure S2.4C). 
We did not find any genes to be commonly upregulated in all chlamydospore non-former 
strains (set size of 10 genes minimum) (Figure S2.4D). 
 
2.4.2.2 Functional enrichment analysis of the target genes 

 We performed Gene Set Enrichment Analyses (GSEA) on the RNA-sequencing 
data to identify the functionally enriched pathways in chlamydospore formation. We found 
many biological processes to be enriched including but not limited to rRNA cleavage 
pathways and ATP synthesis pathways for chlamydospore high-former strains (D/Dnrg1, 
D/Drfg1, D/Dzcf8) under chlamydospore inducing conditions vs the WT strain under 
chlamydospore non-inducing conditions (Figure 2.2A). We also found that for 
chlamydospore non-former strains vs WT strain under chlamydospore inducing conditions, 
the biological processes that were enriched included rRNA processing, cellular response 
to oxidative stress and ribosomal biogenesis (Figure 2.2B). The Kyoto encyclopedia of 
genes and Genomes (KEGG) ontology pathways of peroxisomal biogenesis, fatty acid 
degradation and interestingly SNARE vesicular transport are enriched for chlamydospore 
high-former strains vs chlamydospore non-former strains (Figure 2.2C), and lastly, KEGG 
pathways of oxidative phosphorylation, ribosomal biogenesis, amino acid and tricarboxylic 
acid (TCA) are enriched for chlamydospore non-former strains vs WT strain under 
chlamydospore inducing conditions (Figure 2.2D) 
 
2.4.2.3 Chromatin Immunoprecipitation followed by sequencing on the core TF 
regulators  

To identify and map direct TF binding events genome wide, we performed 
chromatin immunoprecipitation followed by sequencing (ChIP-seq) [50] on the nine GFP-
tagged strains of the core TF regulators under chlamydospore inducing conditions. Based 
on the ChIP-seq data analysis, a list of all significantly bound target gene locations for each 
regulator were determined using MACS2 [56,70] and visualized using Mochiview [57]. 
We calculate the following number of upstream regulatory regions bound by each TF core 
regulator as summarized in Table 2.1.  
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Table 2.1: Summary of ChIP-seq binding events detected in the upstream regulatory 
regions of core TF regulators. The cells from GFP tagged versions of core TF regulators 
were harvested under standard chlamydospore inducing conditions of growth of CMA 
Tween 80 medium at room temperature under oxygen limitation in dark and ChIP-seq was 
performed. MACS2 [56] for binding and peak enrichment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4.2.4 Chlamydospore regulatory network of C. albicans 
If we convert the bound upstream regulatory regions to genes that are likely 

controlled by the core TFs, our analysis suggests that the chlamydospore regulatory 
network is composed of ~3200 genes. The chlamydospore regulatory network is shown in 
Figure 2.3A. Based on the ChIP-seq dataset, a high degree of overlap between target genes 
among the core TF regulators suggests that the chlamydospore network is considerably 
interwoven and that many genes are controlled by more than 1 regulator.  

Next, we also generated a color-coded network primarily based on the total number 
of ChIP-seq binding events detected in the upstream regulatory regions of each target gene 
ranging from zero events detected as shown in blue and all nine-core regulator binding in 
the regulatory regions of target genes as shown in pink (Figure S2.5). We found that 30 
upstream regulatory regions were bound by all nine core regulators (white circle), 82 
upstream regulatory regions are bound by the three chlamydospore high-former strains and 
7 upstream regulatory regions were bound by the six chlamydospore non-former strains 
(Figure 2.3B). 

Next, by analyzing the overlap between our ChIP-seq and RNA-seq datasets, we 
find a strong correlation between transcription regulator binding and differential gene 
expression. For the correlation between the binding of a given single transcription factor 
core regulator and the RNA-seq data set for the differential gene expression in the core 
regulator deletion mutant, we find a range of 31%-55% (Table 2.2). This overlap suggests 
that binding of regulators is strongly associated with corresponding differential gene 

Core regulator # of ChIP binding sites detected in each core regulator 

Sfl1 100 

Rme1 2411 

Cup9 428 

Aaf1 402 

Efg1 540 

Ume6 473 

Nrg1 277 

Rfg1 404 

Zcf8 695 
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expression under chlamydospore inducing conditions. We note that all nine chlamydospore 
regulators act both as activators and repressors of their target genes.  
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Figure 2.3 The chlamydospore regulatory network of C. albicans.  
(A)The nine chlamydospore core regulators are represented by nine large circular hubs. 
Smaller circles represent target genes, which are connected by their respective regulators 
by lines, indicating a direct interaction as determined by genome wide ChIP-seq. Genes 
that are differentially regulated as determined by RNA-seq expression data (threshold log2 
fold change of |0.58| cutoff) in the WT strain under chlamydospore inducing conditions vs 
non-chlamydospore inducing conditions formation as shown in blue for the upregulated 
genes, in yellow for downregulated genes and gray for the genes with no differential 
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expression detected. A white circle is drawn around the 30 target genes bound by all nine 
regulators. (B) The identity of the 30 target genes is indicated as colored circles (blue 
circles are genes that are upregulated, yellow circles are genes that are downregulated, and 
gray circles are genes with no change in WT strain under chlamydospore inducing 
conditions vs non-chlamydospore inducing conditions). Overall, 30 genes are bound by all 
nine regulators, 29 genes are bound by eight or more, 54 are bound by seven or more, 103 
are bound by six or more, 212 are bound by five or more, 441 are bound by four or more, 
575 are bound by three or more, 854 genes are bound by two or more of the chlamydospore 
core regulators. (C) The Upset plot showing the analysis for number of common 
connections shared by core TF regulators from chlamydospore regulatory network under 
chlamydospore inducing conditions. The bottom left panel are the names of the core TF 
regulators and bottom right side of the panel shows the number of connections shared 
between the nine core regulators. The top side of the figure shows the fraction of genes that 
are differentially regulated in WT strain under chlamydospore inducing conditions vs WT 
strain under non-chlamydospore inducing conditions (blue for upregulation, yellow for 
downregulation and grey for no change in the expression).  
 
Table 2.2 Summary of genes shared between RNA-seq and ChIP-seq datasets. 
Summary table showing total number of ChIP-seq binding events detected for each core 
TF regulator, the percentage of genes shared between these binding events and 
differentially expressed genes gathered from RNA-seq dataset for the nine the core TF 
regulators under chlamydospore inducing conditions.  

 
Lastly, we also calculated the number of genes that were commonly connected by 

all nine core TF regulators, combinations of the core TF regulator connections and also the 
genes controlled by individual TF regulators (Figure 2.3C). We found that 30 genes are 

Core 
TF 

regulator 

Total of ChIP 
binding sites 

% of ChIP binding with 
differential gene expression 

in core TF mutant 

# Of 
upregulated     

genes 

# Of 
downregulated 

genes 

Sfl1 100 36% 25 11 

Rme1 2411 42% 484 536 

Cup9 428 55% 96 142 

Aaf1 402 43% 77 98 

Efg1 540 42% 126 105 

Ume6 473 31% 95 52 

Nrg1 277 45% 86 39 

Rfg1 404 45% 77 108 

Zcf8 695 35% 111 134 
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commonly connected by nine core regulators, and of these 30 genes three genes 
(ORF19.5191, ORF19.5735.3 and ORF19.4712) are reported to have ambiguous 
annotations, with 22 genes displaying no differential gene expression, five genes being 
upregulated, and three genes being downregulated in the WT strain under chlamydospore 
inducing conditions vs WT strain under non-chlamydospore inducing conditions (Figure 
2.3C). We also note that transcription factor RME1 regulates a subset of its genes on its 
own (1236 genes- nearly half of the genes bound by and regulated only by Rme1). 

  
2.4.2.5 Core TF regulatory circuit  

In order to generate the TF chlamydospore regulatory circuit for the nine core TFs 
with each other, we combined the RNA-seq and the ChIP-seq datasets (Figure 2.4). We 
found that Cup9 was the only core regulator that bound to its own upstream intergenic 
region, suggesting autoregulation. Additionally, the results also show that the nine core 
regulators identified control the expression of each other, where 4 regulators bind to the 
upstream intergenic region of SFL1 (Figure 2.5A), 4 regulators bind to the upstream 
regulatory region of RME1 (Figure 2.5B), 4 regulators bind to the upstream intergenic 
region of CUP9 (Figure 2.5C), 2 regulators bind to the upstream intergenic region of AAF1 
(Figure 2.5D), 4 regulators bind in the upstream intergenic region of EFG1 (Figure 2.5E), 
1 regulator binds to the upstream regulatory region of UME6 (Figure 2.5F), 4 regulators 
bind to the upstream intergenic region of NRG1 (Figure 2.5G), and 4 regulators bind to the 
upstream intergenic region of RFG1 (Figure 2.5H). For example, we observed a positive 
and negative feedback loop between Ume6 and Nrg1; and a feedforward loop between 
Nrg1, Rfg1 and Efg1 (Nrg1 activates Rfg1, and Nrg1 and Rfg1 inhibit Efg1). 
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NRG1
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RME1
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Figure 2.4 Chlamydospore regulatory circuit. The chlamydospore regulatory circuit 
based on ChIP-seq and RNA-seq datasets is shown. The rectangle boxes indicate TFs that 
when deleted are chlamydospore high-former strains and the six ellipses indicate TFs that 
when deleted are chlamydospore non-former strains. The directional lines indicate of 
binding interactions of the source TF in the upstream regulatory regions of the target TF 
as determined by ChIP-seq analysis. The color of the directional lines indicates the role of 
the source TF in the regulation of the target TF, based on RNA-seq expression of the TF 
in the deletion mutant of the source TF strain compared to the WT strain under 
chlamydospore inducing conditions. The directional blue arrows indicate activation of 
target TF by the source TF (i.e., downregulation of target gene in the source TF knockout), 
directional yellow inhibitory signs indicate repression (i.e., upregulation of target gene in 
TF knockout) and dashed gray lines with closed loops indicate no change in expression.  
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2.4.2.6 De Novo Motif Finding for the core chlamydospore regulators 
The non-randomly occurring cis-regulatory sequences “motifs” were identified 

based on several hundred significant binding events, these conserved binding motifs were 
determined for all nine chlamydospore regulators (Figure 2.5J). This motif generation was 
based solely on ChIP-seq data. The binding motifs for most of the core regulators have not 
been described in C. albicans, except for Efg1 using ChIP-ChIP experiments [51,71]. The 
Efg1 motif identified from our study (RGRGTGSCRS) is different from the one identified 
in earlier studies (RTGCATRW). One potential reason for this difference is that the motif 
identified in our study could be a secondary motif for Efg1 binding. Additionally, we also 
see a lot of interactions of Efg1 along with other TFs like Rme1, Zcf8 and Aaf1 (Figure 
2.5J), so there is a likely chance that there are cooperative binding events occurring under 
chlamydospore inducing conditions that may cause for alternative binding motif 
identification for Efg1. Similarly, also we note that one the motif generated for Nrg1 is 
similar to the reported binding motif for its homolog Nrg1 in S. cerevisiae. However, the 
other TF motifs identified in our study for Sfl1, Rme1, Cup9 and Zcf8 were not similar to 
the binding motif homologs reported for S. cerevisiae. For the remaining regulators Aaf1, 
Ume6 and Rfg1 we statistically determined significant motifs, but we were unable to verify 
them independently in comparison to S. cerevisiae as their orthology relationships are 
uncertain and their binding motifs have not been characterized. 
 
2.4.3 Identifying functionally relevant targets of the chlamydospore regulatory 
network 

To understand the connections between the nine core regulators and chlamydospore 
formation in C. albicans, we performed RNA-seq on the mutant TF regulators and ChIP-
seq on the nine GFP tagged regulators under chlamydospore inducing conditions. It is 
important to note that chlamydospores are usually observed in vitro at the lateral or 
terminal ends of hyphae, and that D/Dume6 mutant strain is yeast locked while the D/Dnrg1 
mutant strain is hyper filamentous under hyphal inducing conditions, and as such the 
chlamydospore transcriptional network at least in part overlaps with the hyphal 
morphogenesis transcriptional network [13,68,72,73].  

Figure 2.5 Chromatin immunoprecipitation mapping and motif identification of core 
chlamydospore regulators. (A-I) The binding of core regulators in the upstream 
regulatory regions of each TF are shown. Immunoprecipitation (IP) binding data for Sfl1-
GFP (purple), Rme1-GFP (dark blue), Cup9-GFP (light purple), Aaf1-GFP (teal), Efg1-
GFP (navy blue), Ume6-GFP (black), Nrg1-GFP (orange), Rfg1-GFP (yellow), Zcf8-GFP 
(brown) strains are shown. The ChIP-seq binding data was mapped and plotted onto the 
chromosomes containing (A) SFL1, (B) RME1, (C) CUP9, (D) AAF1, (E) EFG1, (F) 
UME6, (G) NRG1, (H) RFG1 and (I) ZCF8 using MochiView [57]. The upstream 
regulatory regions of these genes show significant peak enrichments for the binding of the 
indicated chlamydospore regulators. The X axis represents ORF chromosomal locations. 
(J) Using de novo motif finding based on our ChIP-seq, we identified significantly enriched 
core binding motifs for all nine core chlamydospore TFs. Motifs were identified and motif 
graphics were generated using MochiView [57]. 
 



 
   

 

 

37 

   

 

From these large datasets, we attempted to identify a set of target genes that might 
have important roles in chlamydospore formation in C. albicans. We grouped the genes 
based on connectivity and node degree denoting the number of core TFs binding in the 
upstream regulatory region of a target gene. With this analysis, we found 30 genes that 
bound by all nine core regulators in their upstream regulatory regions, however, not all 
ChIP-seq events can be corelated with a corresponding change in the differential gene 
expression from the RNA-seq dataset. So, out of 30 commonly bound target genes select 
genes which differentially regulated in varying combinations of the nine core TF mutant 
datasets and also in WT strain under chlamydospore inducing vs non-chlamydospore 
inducing conditions (threshold of log2>0.58 and log2< -0.58, padj value of ≤0.05) were 
identified. Additionally, five of these target genes were upregulated and three genes 
downregulated in reference WT strain under chlamydospore inducing conditions. Further, 
genes were selected and prioritized for further analyses as functionally relevant targets 
based on the differential gene expression datasets in TF mutants compared to WT strain 
under chlamydospore inducing conditions and also between WT strain chlamydospore 
inducing vs non-chlamydospore inducing conditions (log2>1.5 and log2< -1.5, padj value 
of ≤0.05). Additionally, even in the absence direct binding interaction, some highly 
differentially expressed target genes in TF mutants were prioritized for further study as 
functionally relevant targets of the chlamydospore network. A heat map showing the 
differential gene expression along with the number of core TF binding events detected in 
their upstream regulatory regions is shown in Figure 2.6A. Additionally, we also note that 
multiple transcription factors (~43 TFs) have been identified as downstream targets of the 
network and are regulated by multiple core regulators. From the TF mutant library genetic 
screen, these TF mutants belong to chlamydospore index CI-2. We also note ~11 kinases 
that are downstream targets of the network and are regulated by multiple core regulators. 
These downstream targets as TFs and kinases are listed in Table S2.1. 

To determine whether the select downstream target genes identified by this analysis 
affect chlamydospore formation, we constructed homozygous deletion mutant strains for 
each of these target genes. We observed significant chlamydospore formation defects in 
the target gene mutants compared to the reference WT strain under chlamydospore 
inducing conditions (Figure 2.6C). orf19.4459 has been previously reported to be involved 
in chlamydospore pathway, five target genes are uncharacterized, and two target genes 
have been reported to be involved in cell wall synthesis. A majority of the select target 
gene deletion mutant strains formed less chlamydospores relative to the WT strain under 
chlamydospore inducing conditions (CI-2), however, two target gene deletion strains, 
D/Dorf19.2899 and D/Dmep2 formed higher number of chlamydospores relative to WT 
strain (Figure 2.6B). Additionally, reintroduction of the ectopic copy of wild-type allele 
back into each of the nine core TF regulator mutants and the eighteen candidate target 
genes reversed the chlamydospore formation defect (six core TF that mutants failed to form 
chlamydospores, three core TF mutants and two candidate target gene mutants that form 
higher number of chlamydospore relative to WT strain under chlamydospore inducing 
conditions and the varying degree of chlamydospore formation defects of the remainder of 
the candidate target genes) of each mutant (Figure S2.6). 
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Figure 2.6 Functionally relevant target genes of the chlamydospore regulatory 
network. 
(A) Using node connectivity analysis of our ChIP-seq and gene expression RNA-seq data, 
we identified a set of 18 candidate target genes (orf19.3695, orf19.7085, ZSF1, orf19.867, 
LSC1, ILV2, orf19.2048, orf19.2310, SKN2, SSK2, , SKN1, orf19.4459, orf19.3264.1, 
orf19.4653, orf19.3263, , orf19.2899 and MEP2) that were differentially regulated 
(log2>1.5 and log2< -1.5) in combinations of each chlamydospore regulator mutant to the 
reference strain under chlamydospore inducing conditions. The left panel shows the 
number of core TF binding interactions detected in the upstream regulatory regions of the 
target genes as detected via ChIP-seq. (B) ChIP-seq enrichment data for the binding of 
nine chlamydospore core regulators in the upstream regulatory regions of select candiate 
target genes. IP binding for Sfl1-GFP (purple), Rme1-GFP (dark blue), Cup9-GFP (light 
purple), Aaf1-GFP (teal), Efg1-GFP (navy blue), Ume6-GFP (black), Nrg1-GFP (orange), 
Rfg1-GFP (yellow), Zcf8-GFP (brown) strains are shown. The select target gene ChIP-
seq binding data was mapped and plotted onto the chromosomes containing (B) FCR1, (C) 
SUT1, (D) orf19.3695, (E) orf19.7085, (F) ZSF1, and (G) orf19.867 using Mochiview [57] 
are shown. (H) Chlamydospore formation was measured for the eighteen target gene 
deletion mutants relative to WT strain. The average of the number of chlamydospores 
formed for each strain grown under chlamydospore inducing conditions was calculated 
from three biological replicates. For ease of interpretation, the WT strain chlamydospore 
formation value is set to 1 and normalized chlamydospore formation by of each selected 
deletion mutant relative WT strain under chlamydospore inducing conditions is shown. 
Statistical significance (p values) was calculated using Student’s unpaired two-tailed t-
tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 0.01 (**) and p ≤ 0.001 (***). 
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2.5 Discussion and conclusion 
         Sporulation has been an important aspect of microbial life cycles and is known to 
produce dormant spores under unfavorable environmental conditions of extreme of 
temperature, desiccation and UV radiations. These spores remain dormant until the return 
of favorable conditions and germinate and produce viable cells [74,75]. The spores are 
metabolically quiescent, stress resistant and poised for germination. As a part of their life 
cycles, many fungal species produce chlamydospores; however, the functions of 
chlamydospores vary in different species. For example, in some soilborne Fusarium 
species, chlamydospores provide long term survival under unfavorable conditions and have 
the ability to germinate upon return of favorable conditions. The environmental cues 
needed for chlamydospore formation are also species-specific [76]. For Candida species, 
chlamydospores are enigmatic structures that form laterally or terminally to hyphae and 
pseudohyphae and are only known to be produced by two members of the Candida clade. 
C. albicans forms chlamydospores under stressful conditions and chlamydospores are part 
of C. albicans morphological transitions, however, their functions are still unknown. Given 
that two of the pathogenic Candida species produce chlamydospores, their formation and 
existence raise a possibility of an unidentified selective advantage provided by 
chlamydospores to these species. Additionally, little is known about how chlamydospore 
formation is regulated. In this study, we have comprehensively mapped the regulatory 
network controlling chlamydospore formation in C. albicans using forward genetics and 
genome wide approaches. We describe a master circuit of nine core regulators that form an 
elaborate, interwoven transcriptional network controlling chlamydospore formation in C. 
albicans. A subset of core regulators were found to control each other, and together the 
nine core regulators control ~3200 downstream target genes (~48% of C. albicans 
genome). 
  
2.5.1 Core chlamydospore regulators 

From the TF mutant library genetic screen, we identified nine regulators that were 
severely affected in their abilities to form chlamydospores. Of these nine regulators, when 
deleted six regulator mutant strains completely failed to form chlamydospores (D/Dsfl1. 
D/Drme1, D/Dcup9, D/Daaf1, D/Defg1 and D/Dume6). Out of these six, two regulators 
mutant strains D/Defg1 and D/Drme1 have been previously implicated to play roles in 
chlamydospore formation. Sfl1 has been reported to be a negative regulator of flocculation 
and filamentation in S. cerevisiae and well as in C. albicans [77], Rme1 is known to 
regulate meiosis in S. cerevisiae [78], and Cup9 is a known repressor of filamentation [79]. 
Aaf1 is less studied in C. albicans. Efg1is known to act both as an activator as well as a 
repressor of filamentation depending on environmental cues [80]; under normoxic 
conditions, the D/Defg1 mutant strain is defective in hyphal formation and Efg1 acts an 
activator of filamentation, however, under standard chlamydospore inducing oxygen 
limiting conditions, the D/Defg1 mutant strain is hyperfilamentous [29]. Ume6 is known to 
be essential for hyphal extension and maintenance [80–82]. The D/Dume6 mutant strain is 
yeast locked and did not form hyphae or pseudohyphae under the conditions tested, 
however it has been reported that some species, for e.g., C. dubliniensis form 
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chlamydospores and pseudohyphae, however, hyphae formation is less frequent, opens up 
a possibility of chlamydospore formation without hyphae [33]. Additionally,  D/Dume6 can 
be induced to form hyphae when incubated at 37°C in presence of YEPD + serum, and we 
have considered Ume6 as one of the core regulators [72].  

From the TF mutant library genetic screen, three regulator mutants formed higher 
number of chlamydospores relative to reference strain (D/Dnrg1, D/Drfg1 and D/Dzcf8). 
Nrg1 is a highly conserved TF and acts as a general repressor of transcription in C. albicans 
via Tup1-Ssn6 [80], and D/Dnrg1 mutant strains are known to be hyperfilamentous under 
non filament inducing conditions [68]. Only C. dubliniensis but not C. albicans can form 
chlamydospores when cells are grown on Staib agar, and this species specific difference 
has been mainly attributed to differential expression of NRG1 between the two species, in 
which, CdNRG1 is specifically downregulated to allow for formation of chlamydospores 
on Staib agar, and deletion of CaNRG1 allows for chlamydospore formation on Staib agar 
[30]. Nrg1 is thought to repress hyphal genes by recruiting the corepressor Tup1-Ssn6 
complex which repress hyphal genes [68]. Zcf8 is proposed to play a role in adhesion [83]. 
The D/Drfg1 mutant strain is hyperfilamentous, and Rfg1 is a known repressor of 
filamentation [84], possibly via the same mechanism as Nrg1 (Tup1-Ssn6 dependent). It is 
know that there is interplay between the hyphal regulators Nrg1, Rfg1, Efg1 and Ume6 
[82]; additionally, Nrg1 is also known to act in a Ubr1-Sok1 mediated pathway with Cup9 
to regulate hyphal formation. Not surprisingly, there are multiple TFs regulating hyphal 
formation that overlap with the chlamydospore regulatory network identified here. 
2.5.2 Interwoven chlamydospore regulatory network and circuit complexity 

The C. albicans chlamydospore regulatory network is large, highly interwoven and 
complex. There are several examples of complex regulatory networks reported in C. 
albicans, for example, the biofilm regulatory network [51] and the white-opaque switch 
network [71]. There are also complete regulatory networks reported in other 
microorganisms, such as spore formation in Bacillus subtilis [85] and hematopoietic and 
embryonic stem cell differentiation in mammals [86,87]. These regulatory networks have 
similarities in that they have a group of core master regulators working together to control 
themselves and each other and a large set of downstream target genes.  

Many observations can be made from the chlamydospore regulatory network and 
its corresponding regulatory circuit. First, autoregulation of only one core TF; Cup9 is an 
unexpected and interesting finding since in most C. albicans regulatory circuits studied to 
date, the core TFs typically bind their own upstream intergenic regions and autoregulate 
themselves [51,71,88]. Second, Rme1 controls a subset of downstream target genes on its 
own (~50% genes) without sharing them with any other core TF, indicating that Rme1 is 
the most independent regulator of the chlamydospore network. Third, Nrg1 possibly acts 
in the role of a central repressor for the pathway, repressing five core TFs and activating 
Rfg1, a known repressor of C. albicans morphogenesis [84]. Fourth, we note that Zcf8 has 
zero regulators binding in its upstream regulatory regions suggesting that in the sequence 
of events, Zcf8 may act upstream to all the core TFs. It is also important to note that Rme1 
and Zcf8 share the most downstream target gene connections (198 genes). Fourth, we note 
that Sfl1 and Efg1 have no outgoing interactions, possibly indicating that these core TFs 
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act downstream of other core TFs. Lastly, it is also important to note that we identified ~43 
additional transcription factors as downstream targets of various core regulators and 
performing genome wide binding and expression analyses for these regulators could be 
interesting in future studies. In particular, studying TFs like Czf1, Fcr1, Rob1, Tye7 and 
Sfu1, which are known to have various roles in filamentation, glycolysis, and response to 
iron utilization would be of importance. Additionally, we identified 11 kinases as 
downstream targets, such as Ssk2, which is a MAP kinase kinase kinase known to activate 
MAPK Hog1, and would be of interest since Hog1 is reported to be essential for 
chlamydospore formation [34].  

Further, we note in a comparison between KEGG enrichment pathways for 
chlamydospore high-former strains and chlamydospore non-former strains, we see an 
enrichment primarily for two interesting categories, the peroxisome biogenesis/fatty acid 
degradation pathways and SNARE vesicular transport mechanisms. Lipids are a known 
component of chlamydospores, and this KEGG pathway enrichment suggests an intriguing 
possibility that lipids are actively produced and metabolized in chlamydospores, hinting 
that chlamydospores may function as nutrient storage structures [23,35]. The enrichment 
of the SNARE vesicular transport pathway suggests that cargo molecules could be actively 
transported in chlamydospores.  
2.5.3 Conservation of the chlamydospore regulatory network  

We preliminarily examined the evolutionary history of the chlamydospore network 
by performing orthologous pairwise comparisons of protein coding sequences of the nine 
core regulators and the 27 downstream target genes commonly bound by the core 
regulators. We considered the evolutionary occurrence of these select proteins in three 
fungal species that are known to form chlamydospores (Cryptococcus neofomans, 
Paracoccidioides brasiliensis and Blastomyces dermitidis) [76,89,90] and different 
members of the Candida genus (i.e., C. dubliniensis, C. tropicalis, C. glabrata and C. 
parapsilosis) as well as S. cerevisiae. We found that ~65% of the selected genes are 
conserved across a majority of distantly related fungal species (from Paracoccidioides 
brasiliensis to C. albicans; not including C. neoformans), and we refer to these as “old” 
genes (e.g., CUP9, EFG1, NRG1, CHT1 and RPL10).  We found that the remaining ~35% 
of these genes were newly evolved and are conserved only in the CTG clade species, and 
we refer to these as “young” genes (e.g., AAF1, ZCF8, orf19.5775 and orf19.6896). Young 
genes can arise, for example, by horizontal gene transfer and de novo gene formation. Two 
interesting observations from these evolutionary analyses are that (1) ALS5, ALS9 and 
PTP3 were not conserved and possibly lost during evolution in C. parapsilosis; (2) 
orf19.6898 is conserved in all species tested except C. glabrata and S. cerevisiae and was 
likely lost in the ancestor of these species. Future evolutionary analyses including all genes 
of the chlamydospore network will be important to get a complete understanding of the 
evolutionary history of this complex network. 
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To summarize, the chlamydospore regulatory network of C. 

albicans is highly interwoven consisting of nine core regulators and 
over 3200 target genes, where every target gene is bound by at least 
one core regulator, and ~70% of target genes (~2,300) are 
differentially regulated under chlamydospore inducing conditions. 
The lipid degradation pathways and SNARE vesicular transport 

KEGG pathways were enriched in chlamydospore high former mutant strains of the core 
regulators. The downstream target genes belonged to multiple functional groups ranging 
from transcription factors, kinases, synthases, and stress regulator proteins, and a large 
subset of target genes are uncharacterized (~70%). Lastly, network conservation analyses 
based on orthologous relationships of proteins within the chlamydospore network revealed 
that the network is comprised largely of “old” genes (65%) interspersed with some 
relatively “young” genes (35%), indicative of the network being fairly well conserved.  

 
  

Figure 2.7 Conservation of chlamydospore regulatory 
network. The conservation of the 9 TFs and 27 commonly bound 
target genes were analyzed by identifying orthologs of these 
genes among C. albicans and non-albicans CTG clade Candida 
species, S. cerevisiae, C. glabrata and Cryptococcus neofomans, 
Paracoccidioides brasiliensis and Blastomyces dermitidis using 
OrthoFinder [59,60]. orf19.5191, orf19.5735.3 and orf19.4712 
were excluded from this analysis due to ambiguous annotations 
for these genes. The ortholog of EFG1 was not identified in C. 
tropicalis using this software as there is a gap in the assembly of 
the reference strain at this locus. Mancera et al., however, 
characterized and identified EFG1 in C. tropicalis [91]. The 
color of the gene column indicates differential expression in 
chlamydospore formation in the C. albicans WT strain compared 
to the control. Gray denotes no differential expression (abs 
(log2Fold-Change < 0.58), or FDR adjusted p-value > 0.05), blue 
denotes upregulation (log2Fold-Change > 0.58 and FDR adjusted 
p-value < 0.05) and yellow denotes downregulation (log2Fold-
Change < -0.58 and FDR adjusted p-value < 0.05) in 
chlamydospore inducing conditions in the C. albicans WT strain. 
The filled squares indicate presence of an ortholog of this gene 
in the corresponding species, where orthology was assessed by 
comparing the protein sequence from C. albicans against the 
proteome of the corresponding species. 
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2.6 Supplementary Materials 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure S2.1 Colony and cellular phenotypes of core chlamydospore transcription 
factor mutant strains under on rice extract (RE) Tween 80 medium.  
Chlamydospore formation was achieved under standard inducing conditions on rice 
extract Tween 80 in the dark at room temperature for 8 days following which the plates 
were observed at 20X objective with a brightfield microscopy. Representative images 
are shown for (A) WT, (B) TF001 D/Dsfl1, (C) TF028 D/Drme1, (D) TF061 D/Dcup9, 
(E) TF128 D/Daaf1, (F) TF156 D/Defg1, (G) TF179 D/Dume6, (H) TF210 
D/Dorf19.2131, (I) TF125 D/Dnrg1, (J) TF166 D/Drfg1, (K) TF141 D/Dzcf8. Scale bar 
represents 10 µM. 
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Figure S2.2 Colony and cellular phenotypes of core chlamydospore transcription 
factor mutant strains under on Potato Carrot Bile (PCB) agar medium. 
Chlamydospore formation was achieved under standard inducing conditions on potato 
carrot bile agar medium in the dark at room temperature under oxygen limiting conditions 
for 8 days following which the plates were observed at 20X objective with a brightfield 
microscopy. Representative images are shown for (A) WT, (B) TF001 D/Dsfl1, (C) TF028 
D/Drme1, (D) TF061 D/Dcup9, (E) TF128 D/Daaf1, (F) TF156 D/Defg1, (G) TF179 
D/Dume6, (H) TF210 D/Dorf19.2131, (I) TF125 D/Dnrg1(J) TF166 D/Drfg1, (K) TF141 
D/Dzcf8. Scale bar represents 10 µM. 
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Figure S2.3 Colony morphology and cellular phenotypes for chlamydospore 
formation by C. albicans clinical isolates. Chlamydospore formation was achieved under 
standard inducing conditions on CMA Tween 80 medium in the dark at room temperature 
under oxygen limiting conditions for 8 days following which the plates were observed at 
20X objective with a brightfield microscopy. Representative images are shown for (A) 
SC5314, (B) AR0761, (C) AR0762, (D) 76067, (E) 87 (F) 57055. Scale bar represents 10 
µM. 
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Figure S2.4 Upset plots showing the commonly upregulated and 
downregulated genes for chlamydospore high-formers and chlamydospore 
non-former strains (log2-Fold Change < -0.58, adjusted p-value < 0.05). The 
three chlamydospore high-former strains (∆/∆nrg1, ∆/∆rfg1, ∆/∆zcf8) and six 
chlamydospore non-former strains (∆/∆sfl1, ∆/∆rme1, ∆/∆cup9, ∆/∆aaf1, 
∆/∆efg1, ∆/∆ume6) were grown under standard chlamydospore inducing 
conditions and RNA-seq was performed on the harvested cells. A) genes 
commonly upregulated in chlamydospore high-former strains, (B) genes 
commonly downregulated genes in chlamydospore high-former strains (C) genes 
commonly downregulated genes in chlamydospore non-former strains (D) 
commonly upregulated genes in chlamydospore non-former strains. 
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# of TF binding events  

  

Figure S2.5 The C. albicans chlamydospore regulatory network with 
emphasis on number of ChIP binding events detected for each gene. The nine 
chlamydospore core regulators are represented by nine large circular hubs. Smaller circles 
represent target genes, which are connected by their respective regulators by lines, 
indicating a direct interaction as determined by genome wide ChIP-seq binding events 
under chlamydospore inducing conditions. A gene that is differentially expressed in WT 
strain under chlamydospore inducing conditions vs non-chlamydospore inducing 
conditions  (RNA-seq based on a log2 fold change of 0.58) is a part of the network and the 
TF binding interactions by 9 core TF regulators are shown. A directed line is indicative of 
a ChIP binding event between source core TF regulator binding upstream regulatory of the 
target gene. The color of the nodes indicates the number of core TF regulator binding 
events detected in the upstream regulatory regions of the target gene, ranging from blue (0 
core TF binding detected) to pink (all 9 core TFs bind upstream regulatory regions of the 
target gene).  
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Figure S2.6 Chlamydospore formation by the complemented strains. The 
complemented strains were generated by adding the wild-type allele back into the (A) 
nine-core regulator mutant strains and (B) eighteen target gene candidates was assessed 
under standard chlamydospore inducing conditions. For ease of interpretation, the 
reference strain chlamydospore formation values are set at 1 and normalized 
chlamydospore formation by of each selected gene relative WT strain is shown. 
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Table S2.1 List of downstream target gene transcription factors and kinases of 
chlamydospore regulatory network as identified from RNA-seq and ChIP-seq 
datasets. 

 

Orf # Gene 
WT strain differential 

regulation under 
inducing conditions 

# TFs 
regulating  Regulated by 

Transcription factors 

orf19.1035 War1 Upregulated 6 ZCF8, EFG1, RFG1, 
UME6, AAF1, RME1 

orf19.3127 Czf1 Upregulated 5 ZCF8, EFG1, CUP9, 
AAF1, RME1 

orf19.2287 Rpa12 Downregulated 5 ZCF8, EFG1, 
UME6, AAF1, RME1 

orf19.6817 Fcr1 Upregulated 5 
NRG1, RFG1, 
UME6, CUP9, 

RME1 

orf19.3193 Fcr3 Downregulated 4 EFG1, NRG1, 
CUP9, RME1 

orf19.4941 Tye7 Upregulated 4 RFG1, UME6, 
CUP9, RME1 

orf19.5210 orf19.5210 Upregulated 4 ZCF8, EFG1, 
UME6, RME1 

orf19.6680 Fgr27 Downregulated 4 ZCF8, EFG1, AAF1, 
RME1 

orf19.4998 Rob1 Upregulated 4 ZCF8, EFG1, AAF1, 
RME1 

orf19.4869 Sfu1 Upregulated 3 ZCF8, AAF1, RME1 
orf19.2623 Ecm22 Downregulated 3 ZCF8, UME6, RME1 
orf19.4342 Sut1 Non-DE 3 ZCF8, EFG1, AAF1 
orf19.3753 Sef1 Downregulated 3 NRG1, RFG1, RME1 
orf19.5992 Wor2 Downregulated 3 NRG1, CUP9, AAF1 

orf19.2646 Zcf13 Upregulated 3 RFG1, UME6, 
RME1 

orf19.3308 Stb5 Non-DE 2 ZCF8, EFG1 
orf19.4524 Zcf24 Downregulated 2 ZCF8, RME1 
orf19.3012 Aro80 Upregulated 2 ZCF8, RME1 
orf19.801 Tbf1 Non-DE 2 ZCF8, RME1 
orf19.7468 Vhr1 Downregulated 2 ZCF8, RME1 
orf19.6124 Ace2 Downregulated 2 EFG1, NRG1 
orf19.4752 Msn4 Upregulated 2 NRG1, RME1 
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orf19.1253 Pho4 Non-DE 1 RME1 
orf19.1396 Age2 Non-DE 1 RME1 
orf19.3722 orf19.3722 Non-DE 1 AAF1 
orf19.7046 Met28 Non-DE 1 NRG1 
orf19.971 Skn7 Downregulated 1 RME1 
orf19.5338 Gal4 Non-DE 1 ZCF8 
orf19.7381 Ahr1 Non-DE 1 NRG1 
orf19.255 Zcf1 Non-DE 1 NRG1 
orf19.1168 Zcf3 Downregulated 1 CUP9 
orf19.1604 Rha1 Downregulated 1 CUP9 
orf19.1926 Sef2 Upregulated 1 RME1 
orf19.2842 Gzf3 Upregulated 1 RME1 
orf19.4568 Zcf25 Downregulated 1 RME1 
orf19.3190 Hal9 Non-DE 1 RME1 
orf19.4776 Lys143 Upregulated 1 RME1 
orf19.3405 Zcf18 Downregulated 1 RME1 
orf19.3187 Znc1 Downregulated 1 RME1 
orf19.3328 Hot1 Upregulated 1 RME1 
orf19.431 Zcf2 Upregulated 1 RME1 
orf19.7317 Uga33 Non-DE 1 RME1 
orf19.3809 Bas1 Upregulated 1 RME1 

Kinases 

orf19.3331 Abc1 Upregulated 6 ZCF8, NRG1, RFG1, 
UME6, AAF1, RME1 

orf19.3669 Sha3 Downregulated 4 ZCF8, UME6, 
RME1, CUP9 

orf19.5580 Tel1 Non-DE 3 ZCF8, RME1, EFG1 
orf19.2290 Tor1 Downregulated 2 ZCF8, RME1 
orf19.5325 Kin3 Downregulated 2 EFG1, RME1 
orf19.3775 Ssk2 Upregulated 2 AAF1, RME1 
orf19.147 Yak1 Non-DE 1 EFG1 
orf19.7044 Rim15 Downregulated 1 AAF1 
orf19.399 orf19.399 Upregulated 1 RME1 
orf19.6243 Vps34 Downregulated 1 RME1 
orf19.2320 orf19.2320 Downregulated 1 RME1 
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CHAPTER 3 

 
Visible Lights Combined with Photosensitizing Compounds Are effective 
against Candida albicans Biofilms, Microorganisms, 500, 9  

 
3.1 Abstract 
 

Fungal infections are increasing in prevalence worldwide, especially in 
immunocompromised individuals. Given the emergence of drug-resistant fungi and the fact 
that there are only three major classes of antifungal drugs available to treat invasive fungal 
infections, there is a need to develop alternative therapeutic strategies effective against 
fungal infections. Candida albicans is a commensal of the human microbiota that is also 
one of the most common fungal pathogens isolated from clinical settings. C. albicans 
possesses several virulence traits that contribute to its pathogenicity, including the ability 
to form drug resistant biofilms, which can make C. albicans infections particularly 
challenging to treat. Here, we explored red, green, and blue visible lights alone and in 
combination with common photosensitizing compounds for their efficacies at inhibiting 
and disrupting C. albicans biofilms. We found that blue light inhibited biofilm formation 
and disrupted mature biofilms on its own and that the addition of photosensitizing 
compounds improved its antibiofilm potential. Red and green lights, however, inhibited 
biofilm formation only in combination with photosensitizing compounds but had no effects 
on disrupting mature biofilms. Taken together, these results suggest that photodynamic 
therapy may be an effective non-drug treatment for fungal biofilm infections that is worthy 
of further exploration. 
 
3.2. Introduction 

 
Fungi cause a wide range of diseases in humans ranging from superficial skin to 

life-threatening disseminated infections, especially in immunocompromised and critically 
ill individuals [1]. Candida albicans is a common fungus that typically resides as a benign 
commensal member of the human microbiota, colonizing the skin and mucosal surfaces of 
healthy humans [2]. It is also an opportunistic pathogen that can cause both superficial skin 
and mucosal infections as well as severe systemic infections under permissive host 
environmental conditions [3,4]. C. albicans has multiple virulence mechanisms that 
contribute to its pathogenicity, including the ability to form physically recalcitrant and drug 
resistant biofilms, that can make C. albicans infections particularly challenging to treat [5].  
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Biofilms are communities of adherent microbial cells encased in extracellular 
matrices that are often resistant and/or tolerant to antimicrobial agents and the host immune 
response [6–8]. The C. albicans biofilm life cycle occurs in four sequential stages: 
adherence, initiation, maturation, and dispersal (Figure 1A). In the adherence stage, 
planktonic (free-floating) yeast-form cells adhere to biotic surfaces (e.g., mucosal layers 
and epithelial cell layers) or abiotic surfaces (e.g., catheters, heart valves, and dentures) 
[9]. In the initiation stage, the yeast-form cells proliferate to form an anchoring basal cell 
layer and begin to differentiate into hyphal and pseudohyphal cells. In the maturation stage, 
the hyphal cells elongate and a protective extracellular matrix that is composed of proteins, 
carbohydrates, nucleic acids, and lipids, surrounds the cells within the biofilm. In the 
dispersal stage, which completes the C. albicans biofilm life cycle, yeast-form cells are 
released from the biofilm, where they can repeat the biofilm life cycle by forming biofilm 
at secondary sites in the host or can enter the bloodstream to cause life-threatening systemic 
infections [3,4,8].  

 
Figure 3.1. The C. albicans biofilm life cycle and the biofilm assays used in this study 
to assess the antibiofilm properties of visible lights and photosensitizing compounds. 
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(A) The C. albicans biofilm life cycle occurs in four sequential stages: adherence, 
initiation, maturation and dispersal. In the adherence stage, planktonic yeast-form cells 
adhere to a surface. In the initiation stage, the yeast-form cells proliferate forming an 
anchoring basal cell layer and begin to differentiate into hyphal and pseudohyphal cells. In 
the maturation stage, the hyphal cells elongate, and a protective extracellular matrix 
surrounds the cells. In the dispersal stage, yeast-form cells are released from the biofilm 
and the life cycle repeats. (B) Overview of the adherence inhibition biofilm assay, where 
the visible light of interest with (+) or without (-) the photosensitizing compound (PS) of 
interest were present during the 90-min adherence stage of biofilm formation. (C) 
Overview of the developmental inhibition biofilm assay, where the visible light of interest 
with (+) or without (-) the PS of interest were present during the 24-h maturation stage of 
biofilm formation. (D) Overview of the disruption biofilm assay, where the visible light of 
interest with (+) or without (-) the PS of interest were present for an additional 24 h on a 
mature (24-h) biofilm. Colony forming units (CFUs) were measured to determine viable 
cell counts at the end of each biofilm assay. This figure was creating using BioRender.com. 
 
 Antifungal drugs are the most commonly used therapeutic agents for treating fungal 
infections [10]. Only three major classes of antifungal drugs (the polyenes, azoles, and 
echinocandins) are currently used to treat invasive fungal infections in humans, and it has 
been a challenge to develop new and effective antifungal drugs, especially with efficacy 
against biofilms [11–14]. Existing antifungal drugs often have significant side effects in 
humans, causing toxicity to the liver, kidneys, and central nervous system [15,16]. 
Additionally, some Candida clinical isolates are naturally resistant and/or tolerant to 
antifungal drugs or can develop resistance over time, further reducing treatment efficacy 
[17,18]. The paucity of effective antifungal drugs with low toxicity to humans, combined 
with an increase in antifungal drug resistance in Candida clinical isolates, has prompted 
the search for alternative non-drug therapeutic strategies to treat fungal infections [19].  

Photodynamic therapy has been used over the last 40 years to treat oncologic skin 
conditions, such as basal cell carcinoma and actinic keratosis [20,21], and more recently to 
treat benign skin conditions, such as acne vulgaris and viral warts [22]. Currently, and in 
light of the emergence of drug resistant infections in the clinic, photodynamic therapy as a 
non-drug antimicrobial strategy has been gaining considerable scientific interest [23–26]. 
Photodynamic therapy relies on a light source, a non-toxic photosensitizing compound that 
can absorb and transfer electrons after light absorption, and molecular oxygen that acts as 
an electron acceptor [23]. The typical output of photodynamic therapy is reactive oxygen 
species (ROS) (e.g., singlet oxygen, hydroxyl radicals, and superoxide anions) that are 
produced when the photosensitizing compound is excited by light; these ROS can then 
have cytotoxic effects on the targeted cells, such as cancer cells and microbial cells [27,28]. 
Unlike traditional antimicrobial drugs, photodynamic therapy as an antimicrobial strategy 
would affect multiple non-specific microbial targets simultaneously, making it unlikely for 
resistance to be developed. Based on its fundamental mechanisms of action, photodynamic 
therapy could be a clinically useful non-drug antimicrobial therapeutic strategy that is 
worthy of further exploration. 

The visible light spectrum can be broadly divided into red (620-700 nm), green 
(500-560 nm), and blue (400-490 nm) wavelengths [23,24,29,30], where several discreet 
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wavelengths within each spectrum have been shown to display antimicrobial properties 
[29,31–33]. To date, of the visible lights, blue light has been the most studied for its 
antimicrobial properties, where it has been shown to effectively kill pathogenic bacteria 
and fungi in vitro, including drug-resistant bacteria in both planktonic and biofilm forms 
[34–47]. Comparatively, the antimicrobial properties of red and green lights have been 
much less studied to date [29,48–51]. 

Although the use of lights in the visible spectrum can have antimicrobial effects on 
targeted microbial cells on their own, likely by generating ROS through the photoexcitation 
of naturally occurring photosensitizing compounds (e.g., flavoproteins and porphyrins) 
[28,40], the combined antimicrobial effects of visible lights with exogenous synthetic 
photosensitizing compounds have been shown to significantly increase the generation of 
ROS in vitro [26,42,52,53]. There are many non-toxic synthetic photosensitizing 
compounds that have been developed to date [54–57], but in this study we focus on the 
classic and commonly used photosensitizing compounds new methylene blue, toluidine 
blue O, and rose bengal (Figure S1). New methylene blue and toluidine blue O are 
structurally similar phenothiazinium salts absorbing between 600-660 nm, while rose 
bengal is a xanthene salt absorbing between 500-550 nm [42,47,52,58,59].  

Prior work on C. albicans has shown that the combination of blue light with rose 
bengal reduced C. albicans cell viability in both planktonic and biofilm forms [59]. 
Additionally, a combination of blue light with toluidine blue O inhibited C. albicans 
biofilm formation [47]. For red light, in combination with new methylene blue, C. albicans 
cell viability in the planktonic form was reduced [60]. Finally, for green light in 
combination with rose bengal, C.albicans cell viability in both planktonic and biofilm 
forms was reduced [61]. To our knowledge, no studies to date have compared different 
visible lights alone or in combination with photosensitizing compounds to assess their 
efficacies at inhibiting and disrupting C. albicans biofilms at different stages of biofilm 
formation. Our study assesses the effects of these lights at the adherence stage of biofilm 
formation, throughout the course of biofilm formation, and on mature biofilms. In addition, 
our study includes C. albicans strains of different genetic backgrounds, which is important 
for understanding the real-world utility of antimicrobial photodynamic therapy in clinical 
settings.   

In this study, we examined and compared the effects of red, green, and blue visible 
lights alone and in combination with the classic and commonly used photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal to assess their efficacies 
at inhibiting C. albicans biofilm formation and at disrupting mature C. albicans biofilms. 
We found that blue light inhibited biofilm formation and disrupted mature biofilms on its 
own and that the addition of photosensitizing compounds improved its antibiofilm 
potential. Red and green lights, however, inhibited biofilm formation only in combination 
with photosensitizing compounds, but had no effects on disrupting mature biofilms. 
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3.3 Materials and Methods 
 
3.3.1 Strains and media  

All experiments were performed using the wildtype C. albicans strain SN250 [62]. 
Results using SN250 were validated using the C. albicans clinical isolates SC5314 [63] 
and Strain #0761 (AR0761) (Centers for Disease Control and Prevention (CDC) AR Isolate 
Bank, Drug Resistance Candida species panel; https://wwwn.cdc.gov/ARIsolateBank/). C. 
albicans cells were recovered from -80°C glycerol stocks for two days at 30°C on yeast 
extract peptone dextrose (YPD) agar plates (1% yeast extract (Thermo Fisher Scientific, 
Catalog #211929), 2% Bacto peptone (Gibco, Catalog #211677), 2% dextrose (Fisher 
Scientific, Catalog #D16-3), and 2% agar (Criterion, Catalog #89405-066)). Overnight 
cultures were grown for ~15 h at 30°C, shaking at 225 rpm in YPD liquid medium (1% 
yeast extract (Thermo Fisher Scientific, Catalog #211929), 2% Bacto peptone (Gibco, 
Catalog #211677), and 2% dextrose (Fisher Scientific, Catalog #D16-3)). All biofilm 
assays were performed using Spider medium (10 g/L nutrient broth (VWR, Catalog 
#89405-794), 10 g/L mannitol (Alfa Aesar, Catalog #A14030), 4 g/L K2PO4 (Fisher 
Scientific, Catalog #P290-212)), at pH 7.2.  

 
3.3.2 Light sources and photosensitizing compounds 

A red light-emitting diode (LED) light source (ABI LED lighting, Catalog #GR-
PAR38-26W-RED, 26-Watt 620-630 nm, outputting 176 J/cm2), a green LED light source 
(ABI LED lighting, Catalog #GR-PAR38-24W-520NM, 24-Watt 520-530 nm, outputting 
204 J/cm2), and a blue LED light source (ABI LED lighting, Catalog #GR-PAR38-24W-
BLU, 24-Watt 450 nm, outputting 240 J/cm2) were placed 8 inches from the biofilm wells 
and used as indicated in the biofilm assays. Average LED light intensity measurements for 
each light source at a distance of 8 inches away from the biofilm assay plates were 6500 
lux for red light, 6700 lux for green light, and 5900 lux for blue light.   
 The photosensitizing compounds new methylene blue (Sigma Aldrich, Catalog #B-
4631), toluidine blue O (Sigma Aldrich, Catalog #T3260) and rose bengal (Sigma Aldrich, 
Catalog #198250) were used as indicated in the biofilm assays. The photosensitizing 
compounds were dissolved in phosphate buffered saline (PBS) (HyClone, Catalog #16777-
252) at a stock concentration of 10 mM and diluted to a working concentration of 400 μM 
in Spider medium, which was used to grow the biofilms. Stocks of the photosensitizing 
compounds were prepared fresh every two weeks, filter sterilized, and stored at 40C in the 
dark. 
 
3.3.3 Biofilm assays 
  The adherence inhibition, developmental inhibition, and disruption biofilm assays 
were performed as described previously [64,65] except that instead of taking optical 
density readings at the end of the biofilm assays, we measured colony forming units (CFUs) 
to assess the efficacies of the visible lights with or without photosensitizing compounds at 
reducing C. albicans viable cell counts from the biofilms. This modification was made 
because the photosensitizing compounds on their own elevated optical density readings by 
absorbing light, and as such optical density readings did not accurately reflect biofilm 
growth or thickness.  
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In brief, biofilms were grown in triplicate on the bottoms of sterile flat-bottomed 
12-well non-tissue culture treated polystyrene plates (Corning, Catalog #351143). The 12-
well plates were seeded at a final OD600 of 0.5 in a final volume of 2 mL Spider medium 
and grown for 90 min at 37°C with shaking at 250 rpm in an ELMI shaker (M2 Scientifics, 
Catalog #ELMI-TRMS04). After the initial 90-min adherence period, the wells were gently 
washed with PBS and fresh Spider medium was added to each well. The plates were sealed 
with breathable sealing membranes (Sigma Aldrich, Catalog #Z380059) and grown at 37°C 
with shaking at 250 rpm in an ELMI shaker for 24 h. For the adherence inhibition biofilm 
assay, the biofilms were exposed to red, green, or blue visible lights with or without a 
photosensitizing compound during the 90-min adherence stage of biofilm formation 
(Figure 1B). For the developmental inhibition biofilm assay, the biofilms were exposed to 
red, green, or blue visible lights with or without a photosensitizing compound throughout 
the first 24 h of biofilm growth, but not during the initial 90-min adherence stage (Figure 
1C). For the disruption biofilm assay, medium was removed from each well containing a 
mature 24-h biofilm, fresh Spider medium was added to each well, the plates were re-
sealed, and the mature biofilms were exposed to red, green, or blue visible lights with or 
without a photosensitizing compound for an additional 24 h (Figure 1D). The 12-well 
plates were divided such that half of one plate was exposed to the light of interest and the 
other half was covered with foil and served as a no light control. 

 
3.3.4 Determination of colony forming units (CFUs) from biofilms 

CFU determinations from biofilms were performed as previously described 
[64,65]. Briefly, biofilms were scraped from the bottoms of each well of a 12-well plate 
using a sterile spatula, vigorously vortexed, serially diluted in PBS, and plated onto YPD 
agar plates. The plates were incubated at room temperature for 3 days and colonies were 
counted to determine CFUs/mL. Statistical significance was determined using a student’s 
unpaired two-tailed t-test assuming unequal variance.  

We note that we do not recommend measuring metabolic reduction of the 
tetrazolium salt reagent 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT) as a method to assess metabolic activity in the presence of 
photosensitizing compounds because the photosensitizing compounds on their own (as is 
the case with the photosensitizing compounds used in our study) can elevate optical density 
readings by absorbing light in this colorimetric assay, and as such the XTT assay would 
not accurately reflect metabolic activity after treatment.  

 
3.3.5 Viability staining of biofilm cells 

Viability staining was performed on cells resuspended from biofilms and directly 
on biofilms under each light and photosensitizing compound treatment condition using the 
LIVE/DEAD BacLight viability kit (Invitrogen, Catalog #L7012) as described in [66] for 
use on C. albicans biofilms, and according to the manufacturer’s protocol. Briefly, the 
samples were incubated with 3 μL SYTO9 and 3 μL of propidium iodide in the dark at 
30°C for 20 min. Following incubation, the samples were imaged by fluorescence 
microscopy at 20X magnification with a green laser (GFP/green channel; 470 nm 
excitation wavelength) and a red laser (Texas Red/red channel; 585 nm excitation 
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wavelength) using an EVOS Cell Imaging System (Life Technologies, Catalog #EVOS FL 
Cell Imaging System). 

We note that due to an artifact of using this LIVE/DEAD stain when combined with 
certain photosensitizing compounds directly on biofilms, where the dead cells on the top 
of the biofilms appeared black (rather than red) likely due to their faster uptake of the 
photosensitizing compound over the LIVE/DEAD stain, we were unable to acquire valid 
images for certain treatment combinations when this stain was performed directly on 
biofilms. This artifact was not as readily apparent when using this LIVE/DEAD stain on 
cells resuspended from biofilms, and thus we were able to obtain valid images for all 
treatment combinations when this stain was performed on cells resuspended from biofilms. 
 
3.3.6 Assessment of cellular morphologies of biofilm cells 

Cells resuspended from biofilms under each light and photosensitizing compound 
treatment condition were imaged by brightfield microscopy at 20X magnification using an 
EVOS Cell Imaging System (Life Technologies, Catalog #EVOS FL Cell Imaging System) 
and the presence of hyphae, pseudohyphae, and yeast-form cells was qualitatively assessed.  
 
3.4 Results 
 
3.4.1 Effects of red, green, and blue visible lights on C. albicans biofilms 

To determine the effects of red, green, and blue visible lights alone (i.e., without 
the addition of exogenous photosensitizing compounds), we first performed the three 
biofilm assays in the presence individually of red, green, and blue light treatments. We 
found that, compared to the untreated control, red and green lights alone had no effects on 
biofilm formation in any of the three biofilm assays (Figure 2A-B), and that blue light alone 
had no effect at inhibiting biofilm formation in the adherence inhibition assay (Figure 2C). 
Blue light alone, however, was highly effective at inhibiting C. albicans biofilm formation 
by ~65% in the developmental inhibition biofilm assay (p = 0.0005) and at disrupting 
mature biofilms by ~60% in the disruption biofilm assay (p = 0.0006) compared to the 
untreated control (Figure 2C).  
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Figure 3.2. Effects of red, green and blue visible lights on C. albicans biofilms. C. 
albicans biofilms were exposed individually to red, green, and blue lights in the adherence 
inhibition, developmental inhibition, and disruption biofilm assays. Colony forming units 
per 1mL (CFUs/mL) were measured to determine viable cell counts from the biofilms at 
the end of each biofilm assay. Effects of (A) red light, (B) green light, and (C) blue light in 
the three different biofilm assays are shown. Standard deviations are shown for each 
sample (n=3). The average CFUs/mL of the untreated control samples for each assay were 
normalized to 1. Significance comparisons are relative to the untreated control and were 
determined using student’s unpaired two-tailed t-tests assuming unequal variance for p ≤ 
0.001 (***).  
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3.4.2 Effects of red, green, and blue visible lights in combination with exogenous 
photosensitizing compounds on C. albicans biofilms 
 We next assessed the effects of red, green, and blue visible lights in combination 
with the commonly used exogenous photosensitizing compounds new methylene blue, 
toluidine blue O, and rose bengal on C. albicans biofilms. We found that, compared to the 
untreated control, red light alone, and each photosensitizing compound alone, red light in 
combination with any of the three photosensitizing compounds had no effects on biofilm 
formation in the adherence inhibition biofilm assay (Figure 3A). Red light when combined 
with any of the three photosensitizing compounds in the developmental inhibition biofilm 
assay, however, was moderately effective at inhibiting C. albicans biofilm formation by 
~30% when combined with new methylene blue (p = 0.03), ~40% when combined with 
toluidine blue O (p = 0.03), and ~45% when combined with rose bengal (p = 0.005) relative 
to the average of the untreated control, red light alone, and each photosensitizing compound 
alone (Figure 3B). We also assessed the effects of red light in combination with the three 
photosensitizing compounds on mature C. albicans biofilms in the disruption biofilm 
assay. We found that, compared to the untreated control, red light alone, and each 
photosensitizing compound alone, red light in combination with any of the three 
photosensitizing compounds had no effects on biofilm formation in the disruption biofilm 
assay (Figure 3C). Similar results were observed for red light in combination with these 
photosensitizing compounds on biofilm formation of two different C. albicans clinical 
isolates (see Figure S2 for results of the developmental inhibition biofilm assay on 
additional C. albicans strains).  
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Figure 3.3. Effects of red visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on C. albicans 
biofilms. Effects of red light in combination with the photosensitizing compounds in the 
(A) adherence inhibition, (B) developmental inhibition, and (C) disruption biofilm assays. 
Untreated control (Untreated), red light alone (Red Light), photosensitizing compound 
alone (PS), and red light in combination with the photosensitizing compound (Red Light + 
PS) are shown. Colony forming units per 1mL (CFUs/mL) were measured to determine 
viable cell counts from the biofilms at the end of each biofilm assay. Standard deviations 
are shown for each sample (n=3). The average CFUs/mL of the untreated control samples 
for each assay were normalized to 1. Significance comparisons are relative to the untreated 
control unless otherwise noted with significance bars and were determined using student’s 
unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 0.01 (**).  
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Next, we found that compared to the untreated control, green light alone, and each 

photosensitizing compound alone, green light in combination with any of the three 
photosensitizing compounds had no effects on biofilm formation in the adherence 
inhibition biofilm assay (Figure 4A). Green light when combined with any of the three 
photosensitizing compounds in the developmental inhibition biofilm assay, however, was 
moderately effective at inhibiting C. albicans biofilm formation by ~45% when combined 
with new methylene blue (p = 0.004), ~25% when combined with toluidine blue O (p = 
0.02), and ~30% when combined with rose bengal (p = 0.03) relative to the average of the 
untreated control, green light alone, and each photosensitizing compound alone (Figure 
4B). We also assessed the effects of green light in combination with the three 
photosensitizing compounds on mature C. albicans biofilms in the disruption biofilm 
assay. We found that, compared to the untreated control, green light alone, and each 
photosensitizing compound alone, green light in combination with any of the three 
photosensitizing compounds had no effects on biofilm formation in the disruption biofilm 
assay (Figure 4C). Similar results were observed for green light in combination with these 
photosensitizing compounds on biofilm formation of two different C. albicans clinical 
isolates (see Figure S3 for results of the developmental inhibition biofilm assay on 
additional C. albicans strains).   
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Figure 3.4.  Effects of green visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on C. albicans 
biofilms. Effects of green light in combination with the photosensitizing compounds in the 
(A) adherence inhibition, (B) developmental inhibition, and (C) disruption biofilm assays. 
Untreated control (Untreated), green light alone (Green Light), photosensitizing compound 
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alone (PS), and green light in combination with the photosensitizing compound (Green 
Light + PS) are shown. Colony forming units per 1mL (CFUs/mL) were measured to 
determine viable cell counts from the biofilms at the end of each biofilm assay. Standard 
deviations are shown for each sample (n=3). The average CFUs/mL of the untreated control 
samples for each assay were normalized to 1. Significance comparisons are relative to the 
untreated control unless otherwise noted with significance bars and were determined using 
student’s unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 
0.01 (**).  
 

We found that compared to the untreated control, blue light alone, and each 
photosensitizing compound alone, blue light in combination with any of the three 
photosensitizing compounds had no effects on biofilm formation in the adherence 
inhibition biofilm assay (Figure 5A). Blue light when combined with any of the three 
photosensitizing compounds in the developmental inhibition biofilm assay, however, was 
highly effective at inhibiting C. albicans biofilm formation by ~80% when combined with 
new methylene blue (p = 0.0005), ~80% when combined with toluidine blue O (p = 
0.0006), and ~70% when combined with rose bengal (p = 0.0008) relative to the average 
of the untreated control, and each photosensitizing compound alone (Figure 5B). Compared 
to the biofilm inhibitory effects of blue light alone, the combination of blue light with any 
of the three photosensitizing compounds in the developmental inhibition biofilm assay had 
an additive biofilm inhibitory effect of an additional 17% for new methylene blue (p = 
0.01), 15% for toluidine blue O (p = 0.01), and 10% for rose bengal (p = 0.04) (Figure 5B). 
Similar results were observed for blue light in combination with these photosensitizing 
compounds on biofilm formation of two different C. albicans clinical isolates (see Figure 
S4A-B for results of the developmental inhibition biofilm assay on additional C. albicans 
strains).    

Finally, we assessed the effects of blue light in combination with the three 
photosensitizing compounds on mature C. albicans biofilms in the disruption biofilm 
assay. We found that, compared to the untreated control, and each photosensitizing 
compound alone, blue light was effective at disrupting mature biofilms by ~75% when 
combined with new methylene blue (p = 0.0001), ~70% when combined with toluidine 
blue O (p = 0.0009), and ~60% when combined with rose bengal (p = 0.0009) (Figure 5C). 
Compared to the biofilm disruption effects of blue light alone, the combination of blue 
light with the photosensitizing compounds in the disruption biofilm assay had an additive 
biofilm disruption effect of an additional 14% for new methylene blue (p = 0.01) and 12% 
for toluidine blue O (p = 0.03) (Figure 5C). Compared to the biofilm disruption effect of 
blue light alone, no additive biofilm disruption effects were observed when blue light was 
combined with rose bengal (Figure 5C). Similar results were observed for blue light in 
combination with these photosensitizing compounds on biofilm formation of two different 
C. albicans clinical isolates, with the exception that for one of the clinical isolates 
(AR0761), an additive effect was also observed when blue light was combined with rose 
bengal in the disruption biofilm assay (see Figure S4C-D for results of the disruption 
biofilm assay on additional C. albicans strains).  

As an independent assay for cell viability, we also performed LIVE/DEAD staining 
under the same conditions that we performed CFU determinations. We performed the 
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LIVE/DEAD staining assay both on cells resuspended from biofilms and directly on 
biofilms under the different light and photosensitizing compound treatment conditions. Our 
cell viability staining results were consistent with our CFU determinations for all treatment 
conditions (see Figures S5-S8 for representative images from the LIVE/DEAD staining 
assay performed on cells resuspended from biofilms and Figures S9-S12 for representative 
images from the LIVE/DEAD staining assay preformed directly on biofilms). Lastly, we 
note that there were no qualitative differences in cellular morphologies (i.e., in the presence 
of hyphae, pseudohyphae, and yeast-form cells) between the untreated biofilms and 
biofilms treated with each of the three lights with or without the photosensitizing 
compounds (see Figure S13 for representative cellular morphology images for the 
treatment conditions with the largest antibiofilm effects for each light).  
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Figure 3.5. Effects of blue visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on C. albicans 
biofilms. Effects of blue light in combination with the photosensitizing compounds in the 
(A) adherence inhibition, (B) developmental inhibition, and (C) disruption biofilm assays. 
Untreated control (Untreated), blue light alone (Blue Light), photosensitizing compound 
alone (PS), and blue light in combination with the photosensitizing compound (Blue Light 
+ PS) are shown. Colony forming units per 1mL (CFUs/mL) were measured to determine 
viable cell counts from the biofilms at the end of each biofilm assay. Standard deviations 
are shown for each sample (n=3). The average CFUs/mL of the untreated control samples 
for each assay were normalized to 1. Significance comparisons are relative to the untreated 
control unless otherwise noted with significance bars and were determined using student’s 
unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 0.001 (***). 
 
3.5 Discussion 

 
Photodynamic therapy has been used to treat skin conditions for decades; however, 

its potential use as an antimicrobial strategy is only beginning to be recognized. 
Photodynamic therapy is thought to rely on the localized production of ROS that can have 
cytotoxic effects on the targeted cells. To comprehensively assess the potential utility of 
photodynamic therapy against C. albicans biofilms, we examined and compared the effects 
of red, green, and blue visible lights alone and in combination with the classic and 
commonly used photosensitizing compounds new methylene blue, toluidine blue O, and 
rose bengal. We note that the light intensities for each light we used in this study were 
similar, with red light at 6500 lux, green light at 6700 lux, and blue light at 5900 lux. Thus, 
the marginal differences in light intensities between the three lights did not seem to affect 
the results, especially given that blue light had the lowest light intensity but was the most 
effective against C. albicans biofilms. In fact, blue light alone was the only visible light 
tested that had antibiofilm properties on its own, where it markedly prevented biofilm 
formation when it was applied for 24 h throughout biofilm development, as well as 
markedly disrupted mature biofilms when it was applied for 24 h on a mature biofilm. 
Interestingly, when blue light alone was applied for just 90 min during the initial adherence 
stage of biofilm formation, it had no effects on inhibiting biofilm formation, indicating that 
prolonged exposure to blue light (i.e., longer than 90 min) is necessary for its antibiofilm 
potential. The combination of the photosensitizing compounds with red and green lights 
had moderate effects on preventing biofilm formation but had no effects on the initial 90-
min adherence stage of biofilm formation or at disrupting mature biofilms. The fact that 
none of the light and photosensitizing compound combination treatments were effective at 
inhibiting biofilm formation during the 90-min adherence stage of biofilm formation was 
surprising. These findings indicate that exposure time to the light and photosensitizing 
compound treatments is an important factor in the antibiofilm efficacy of photodynamic 
therapy that may be related to the levels of ROS produced during the treatments. One 
hypothesis that could be tested in future studies is whether there is a direct relationship 
between light exposure time and ROS production. 

Our findings indicate that the photosensitizing compounds were successful at 
sensitizing the biofilms to red and green lights when applied throughout biofilm 
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development (i.e., for 24 h). The combination of the photosensitizing compounds with blue 
light had the most striking antibiofilm properties, where significant additive antibiofilm 
effects were observed in preventing biofilm formation and disrupting mature biofilms, 
significantly above those of blue light alone. Generally, these additive effects were 
especially noticeable when blue light was combined with new methylene blue and toluidine 
blue O, the two phenothiazinium salt photosensitizing compounds assessed. Overall, these 
findings indicate that photosensitizing compounds are effective at sensitizing the biofilm 
cells to light exposure, likely enhancing the production of ROS, and increasing cytotoxicity 
of the biofilm cells, with blue light plus new methylene blue, followed closely by blue light 
plus toluidine blue O, as the most effective treatment combinations against C. albicans 
biofilms.  

Although the mechanism of action of blue light on microorganisms is not fully 
understood, a common hypothesis in the field is that exposure to blue light induces 
photoexcitation of naturally occurring endogenous photosensitizing compounds inside the 
microbial cells, such as flavoproteins and porphyrins, ultimately leading to ROS production 
and microbial cell death [40,44,45,67,68]. Indeed, one study has shown a clear correlation 
between porphyrin levels and microbial cell cytotoxicity upon exposure to blue light [69]. 
Consistent with this hypothesis, our work demonstrates that blue light alone induces C. 
albicans cell death within a biofilm, and that this effect is enhanced by the addition of 
photosensitizing compounds that lead to a further increase in the production of ROS.  

In the context of biofilm infections, there are a number of drawbacks of traditional 
antifungal drug therapies that are overcome by the use of photodynamic antimicrobial 
therapies. First, the development of antifungal drug resistance after exposure to antifungal 
drugs can render traditional antifungal drug treatments virtually ineffective against biofilm 
infections. Given that photodynamic therapy generates ROS that affect multiple non-
specific microbial targets simultaneously (e.g., causing lipid peroxidation, nucleic acid 
oxidation, and protein oxidation), it is unlikely that antimicrobial resistance to 
photodynamic therapy could be developed, and antimicrobial resistance to photodynamic 
therapy has not been reported to date [70–72]. Second, antifungal drugs, especially the 
polyenes (e.g., amphotericin B), have significant toxicities to human cells and are typically 
administered systemwide (e.g., intravenously) [11]. Photodynamic therapy utilizes non-
toxic photosensitizing compounds combined with visible lights that pose little toxicity 
concerns to humans [23,25]. In addition, photodynamic therapy can be spatially confined 
to the infection area, thus limiting exposure of human cells to the treatment, and eliminating 
the toxicities associated with antifungal drugs administered systemwide. Third, antifungal 
drugs fail to penetrate into the lower levels of mature biofilms due to high microbial cell 
densities and the presence of the extracellular matrix, which has been shown to sequester 
antifungal drugs [73–75]. When photodynamic therapy is applied directly to the biofilm 
and ROS are produced, the small sizes of the ROS molecules should allow them to be 
easily transported into the lower levels of the biofilm via simple and/or facilitated diffusion, 
and ROS should be less likely to be sequestered by the extracellular matrix [12,76]. We 
note, however, that the physiological effects of photodynamic therapy on the extracellular 
matrix of biofilms has not been directly studied to date and is an area of interest for future 
studies in the field. Fourth, in order to effectively treat a biofilm infection, understanding 
the microbial composition of the biofilm is important in administering effective 
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antimicrobial drug treatments. The majority of biofilm infections are not caused by a single 
microbial species, but are rather polymicrobial in nature, even containing microbial species 
that span different phylogenetic kingdoms, such as bacteria and fungi [4,77,78]. Studies 
have shown that polymicrobial biofilms are often much more resistant to antimicrobial 
drugs than single species biofilms and are thus extremely challenging to treat [79]. 
Photodynamic therapy bypasses the need to know what microbial species are present in a 
polymicrobial biofilm infection because it has broad-spectrum antimicrobial efficacy, and 
has been shown to be effective against bacteria and fungi, even within polymicrobial 
biofilms [34,40,80–85]. Lastly, the mechanisms of action of almost all existing 
antimicrobial drugs (e.g. antibiotics and antifungals) target microbial metabolic processes, 
and thus require that the microbial cells are metabolically active in order to be effective 
[86–90]. This requirement poses significant inconsistencies in antimicrobial drug 
effectiveness in biofilms, where heterogeneous cell populations are located throughout the 
biofilm architecture with different levels of metabolic activity [74,91,92]. In addition, 
metabolically dormant phenotypic microbial cell variants within mature biofilms, called 
persister cells, are particularly difficult to eradicate with traditional antimicrobial drugs 
[74,88,93–95]. Photodynamic therapy, which uses ROS to kill microbial cells, does not 
require that the microbial cells are metabolically active, and there is some evidence to 
suggest that photodynamic therapy is effective against bacterial persister cells [25,96]. 

Given that there are only three major classes of antifungal drugs that are currently 
used to treat invasive fungal infections in humans, and that it has been a challenge to 
develop new and effective antifungal drugs, especially with efficacy against biofilms, there 
is a significant unmet medical need for new antifungal therapeutic strategies. Our work 
adds to the existing body of literature demonstrating that photodynamic therapy has the 
potential to be a clinically useful non-drug therapeutic strategy that is highly effective 
against C. albicans biofilms that could dramatically change the way we treat infectious 
diseases. Based on the present study as well as others in the field, photodynamic therapy 
shows excellent potential as a treatment approach for biofilm and other chronic infections. 
To date, most discussed clinical applications of photodynamic therapy for the treatment of 
infections are largely in the dermatology field, where photodynamic therapy could be 
applied to local infections on the skin using topical photosensitizing compounds and 
localized light exposure [97]. However, there are many other applications for 
photodynamic therapy that also show potential, such as its use in dentistry to treat persistent 
endodontic infections, such as periodontitis, peri-implantitis, and lesions from caries [98–
100]. Despite its clear potential, the clinical use of photodynamic therapy to treat infections 
is still in its early stages and has not advanced as rapidly as other antimicrobial therapies. 
This is largely due to certain major limitations of its use, such as the fact that it needs to be 
applied locally and to areas of the body that can be accessed by light; thus its use against 
systemic infections is less likely to be feasible [97]. Another major limitation is that 
photodynamic therapy has not yet been standardized with clear and well-defined clinical 
parameters for the treatment of patients with infections. For example, we do not yet have 
defined effective dosages of photosensitizing compounds and we do not yet have 
standardized defined parameters for the duration of light exposure to be used in the 
treatment of specific types of infections [97]. Nonetheless, we believe that photodynamic 
therapy has great potential for clinical use in the treatment of localized infections, and its 
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limitations in regard to standardizations should be overcome in the future with the 
development of defined clinical protocols.   
 

3.6 Supplementary Materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure S3.1. Chemical structures of the photosensitizing compounds used in 
these studies. (A) New methylene blue, (B) toluidine blue O, and (C) rose bengal 
are shown.  
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Figure S3.2. Effects of red visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on biofilms formed 
by additional C. albicans strains. Effects of red light in combination with the 
photosensitizing compounds on the clinical isolates (A) SC5314 and (B) AR0761 in the 
developmental inhibition biofilm assay. Untreated control (Untreated), red light alone (Red 
Light), photosensitizing compound alone (PS), and red light in combination with the 
photosensitizing compound (Red Light + PS) are shown. Colony forming units per 1mL 
(CFUs/mL) were measured to determine viable cell counts from the biofilms at the end of 
each biofilm assay. Standard deviations are shown for each sample (n=3). The average 
CFUs/mL of the untreated control for each assay were normalized to 1. Significance 
comparisons are relative to an untreated control unless otherwise noted with significance 
bars and were determined using student’s unpaired two-tailed t-tests assuming unequal 
variance for p ≤ 0.01 (**), and p ≤ 0.001 (***). 
 

 
Figure S3.3. Effects of green visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on biofilms formed 
by additional C. albicans strains. Effects of green light in combination with the 
photosensitizing compounds on the clinical isolates (A) SC5314 and (B) AR0761. 
Untreated control (Untreated), green light alone (Green Light), photosensitizing compound 
alone (PS), and green light in combination with the photosensitizing compound (Green 
Light + PS) are shown. Colony forming units per 1mL (CFUs/mL) were measured to 
determine viable cell counts from the biofilms at the end of each biofilm assay.  Standard 
deviations are shown for each sample (n=3). The average CFUs/mL of the untreated control 
for each assay were normalized to 1. Significance comparisons are relative to an untreated 
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control unless otherwise noted with significance bars and were determined using student’s 
unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), p ≤ 0.01 (**), and 
p ≤ 0.001 (***). 
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Figure S3.4. Effects of blue visible light in combination with the photosensitizing 
compounds new methylene blue, toluidine blue O, and rose bengal on biofilms formed 
by additional C. albicans strains. Effects of blue light in combination with the 
photosensitizing compounds on the clinical isolates (A) SC5314 and (B) AR0761 in the 
developmental inhibition biofilm assay. Effects of blue light in combination with the 
photosensitizing compounds on the clinical isolates (C) SC5314 and (D) AR0761 in the 
disruption biofilm assay. Untreated control (Untreated), blue light alone (Blue Light), 
photosensitizing compound alone (PS), and blue light in combination with the 
photosensitizing compound (Blue Light + PS) are shown. Colony forming units per 1mL 
(CFUs/mL) were measured to determine viable cell counts from the biofilms at the end of 
each biofilm assay. Standard deviations are shown for each sample (n=3). The average 
CFUs/mL of the untreated control for each assay were normalized to 1. Significance 
comparisons are relative to an untreated control unless otherwise noted with significance 
bars and were determined using student’s unpaired two-tailed t-tests assuming unequal 
variance for p ≤ 0.05 (*), and p ≤ 0.001 (***). 
 

Figure S3.5. Effects of red visible light in combination with the photosensitizing 
compound rose bengal on cell viability of cells resuspended from biofilms in the 
developmental inhibition biofilm assay. The viability of cells resuspended from biofilms 
was assessed using the LIVE/DEAD BacLight viability kit, where green fluorescence 
indicates live cells and red fluorescence indicates dead cells. The samples were imaged by 
fluorescence microscopy at 20X magnification with a green laser (GFP/green channel) 
shown in the top panel, a red laser (Texas Red/red channel) shown in the middle panel, and 
overlayed shown in the bottom panel. Representative images are shown for the untreated 
control (Untreated), red light alone (Red Light), rose bengal photosensitizing compound 
alone (Rose Bengal), and red light in combination with rose bengal photosensitizing 
compound (Red Light + Rose Bengal). Scale bars represent 200 μm. 
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Figure S3.6. Effects of green visible light in combination with the photosensitizing 
compound new methylene blue on cell viability of cells resuspended from biofilms in 
the developmental inhibition biofilm assay. The viability of cells resuspended from 
biofilms was assessed using the LIVE/DEAD BacLight viability kit, where green 
fluorescence indicates live cells and red fluorescence indicates dead cells. The samples 
were imaged by fluorescence microscopy at 20X magnification with a green laser 
(GFP/green channel) shown in the top panel, a red laser (Texas Red/red channel) shown in 
the middle panel, and overlayed shown in the bottom panel. Representative images are 
shown for the untreated control (Untreated), green light alone (Green Light), new 
methylene blue photosensitizing compound alone (New Methylene Blue), and green light 
in combination with new methylene blue photosensitizing compound (Green Light + New 
Methylene Blue). Scale bars represent 200 μm. 



 
   

 

 

80 

   

 

Figure S3.7. Effects of blue visible light in combination with the photosensitizing 
compound new methylene blue on cell viability of cells resuspended from biofilms in 
the developmental inhibition biofilm assay. The viability of cells resuspended from 
biofilms was assessed using the LIVE/DEAD BacLight viability kit, where green 
fluorescence indicates live cells and red fluorescence indicates dead cells. The samples 
were imaged by fluorescence microscopy at 20X magnification with a green laser 
(GFP/green channel) shown in the top panel, a red laser (Texas Red/red channel) shown in 
the middle panel, and overlayed shown in the bottom panel. Representative images are 
shown for the untreated control (Untreated), blue light alone (Blue Light), new methylene 
blue photosensitizing compound alone (New Methylene Blue), and blue light in 
combination with new methylene blue photosensitizing compound (Blue Light + New 
Methylene Blue). Scale bars represent 200 μm. 
 

Figure S3.8. Effects of blue visible light in combination with the photosensitizing 
compound new methylene blue on cell viability of cells resuspended from biofilms in 
the disruption biofilm assay. The viability of cells resuspended from biofilms was 
assessed using the LIVE/DEAD BacLight viability kit, where green fluorescence indicates 
live cells and red fluorescence indicates dead cells. The samples were imaged by 
fluorescence microscopy at 20X magnification with a green laser (GFP/green channel) 
shown in the top panel, a red laser (Texas Red/red channel) shown in the middle panel, and 
overlayed shown in the bottom panel. Representative images are shown for the untreated 
control (Untreated), blue light alone (Blue Light), new methylene blue photosensitizing 
compound alone (New Methylene Blue), and blue light in combination with new methylene 
blue photosensitizing compound (Blue Light + New Methylene Blue). Scale bars represent 
200 μm. 
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Figure S3.9. Effects of red visible light in combination with the photosensitizing 
compound rose bengal on cell viability of biofilms in the developmental inhibition 
biofilm assay. The viability of biofilms was assessed using the LIVE/DEAD BacLight 
viability kit, where green fluorescence indicates live cells and red fluorescence indicates 
dead cells. The samples were imaged by fluorescence microscopy at 20X magnification 
with a green laser (GFP/green channel) shown in the top panel, a red laser (Texas Red/red 
channel) shown in the middle panel, and overlayed shown in the bottom panel. 
Representative images are shown for the untreated control (Untreated), red light alone (Red 
Light), rose bengal photosensitizing compound alone (Rose Bengal), and red light in 
combination with rose bengal photosensitizing compound (Red Light + Rose Bengal).   

Scale bars represent 200 μm. 
                                                                                                

Figure S3.10. Effects of 
green visible light on cell 
viability of biofilms in the 
developmental inhibition 
biofilm assay. The viability of 
biofilms was assessed using 
the LIVE/DEAD BacLight 
viability kit, where green 
fluorescence indicates live 
cells and red fluorescence 
indicates dead cells. The 
samples were imaged by 
fluorescence microscopy at 
20X magnification with a 
green laser (GFP/green 
channel) shown in the top 
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panel, a red laser (Texas Red/red channel) shown in the middle panel, and overlayed shown 
in the bottom panel. Representative images are shown for the untreated control (Untreated), 
and green light alone (Green Light). Scale bars represent 200 μm. 
 

Figure S3.11. Effects of blue 
visible light on cell viability of 
biofilms in the developmental 
inhibition biofilm assay. The 
viability of biofilms was 
assessed using the 
LIVE/DEAD BacLight 
viability kit, where green 
fluorescence indicates live cells 
and red fluorescence indicates 
dead cells. The samples were 
imaged by fluorescence 
microscopy at 20X 
magnification with a green 
laser (GFP/green channel) 
shown in the top panel, a red 
laser (Texas Red/red channel) 
shown in the middle panel, and 
overlayed shown in the bottom 
panel. Representative images 
are shown for the untreated 
control (Untreated), and blue 
light alone (Blue Light). Scale 
bars represent 200 μm. 
 
Figure S3.12. Effects of blue 
visible light on cell viability of 
biofilms in the disruption 
biofilm assay. The viability of 
biofilms was assessed using the 
LIVE/DEAD BacLight 
viability kit, where green 
fluorescence indicates live cells 
and red fluorescence indicates 
dead cells. The samples were 
imaged by fluorescence 
microscopy at 20X 
magnification with a green 
laser (GFP/green channel) 
shown in the top panel, a red 

laser (Texas Red/red channel) shown in the middle panel, and overlayed shown in the 
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bottom panel. Representative images are shown for the untreated control (Untreated), and 
blue light alone (Blue Light). Scale bars represent 200 μm. 

Figure S3.13. Assessment of cellular morphology of biofilm cells. Cells resuspended 
from biofilms were imaged by brightfield microscopy at 20X magnification. Biofilm cell 
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morphologies consisting of hyphae, pseudohyphae and yeast-form cells were observed. 
Representative images are shown for the untreated control in the developmental inhibition 
biofilm assay (Developmental Inhibition Untreated), new methylene blue photosensitizing 
compound alone in the developmental inhibition biofilm assay (Developmental Inhibition 
New Methylene Blue), toluidine blue O photosensitizing compound alone in the 
developmental inhibition biofilm assay (Developmental Inhibition Toluidine Blue O), rose 
bengal photosensitizing compound alone in the developmental inhibition biofilm assay 
(Developmental Inhibition Rose Bengal), red light in combination with rose bengal 
photosensitizing compound in the developmental inhibition biofilm assay (Developmental 
Inhibition Red Light + Rose Bengal), green light in combination with new methylene blue 
photosensitizing compound in the developmental inhibition biofilm assay (Developmental 
Inhibition Green Light + New Methylene Blue), blue light in the developmental inhibition 
biofilm assay (Developmental Inhibition Blue Light), blue light in combination with new 
methylene blue photosensitizing compound in the developmental inhibition biofilm assay 
(Developmental Inhibition Blue Light + New Methylene Blue), blue light in the disruption 
biofilm assay (Disruption Blue Light), and blue light in combination with new methylene 
blue photosensitizing compound in the disruption biofilm assay (Disruption Blue Light + 
New Methylene Blue). Scale bar represents 200 μm. 
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CHAPTER 4 
 
Photodynamic therapy is effective against Candida auris 
biofilms  
Submitted to Frontiers in Cellular and Infection Microbiology; Authors: Bapat Priyanka 
S, Nobile Clarissa J. 
 
4.1 Abstract 

Fungal infections are increasing in prevalence worldwide. The paucity of available 
antifungal drug classes, combined with the increased occurrence of multidrug resistance in 
fungi, has led to new clinical challenges in the treatment of fungal infections. Candida 
auris is a recently emerged multidrug resistant human fungal pathogen that has become a 
worldwide public health threat. C. auris clinical isolates are often resistant to one or more 
antifungal drug classes, and thus, there is a high unmet medical need for the development 
of new therapeutic strategies effective against C. auris. Additionally, C. auris possesses 
several virulence traits, including the ability to form biofilms, further contributing to its 
drug resistance, and complicating the treatment of C. auris infections. Here we assessed 
red, green, and blue visible lights alone and in combination with photosensitizing 
compounds for their efficacies against C. auris biofilms. We found that (1) blue light 
inhibited and disrupted C. auris biofilms on its own and that the addition of 
photosensitizing compounds improved its antibiofilm potential; (2) red light inhibited and 
disrupted C. auris biofilms, but only in combination with photosensitizing compounds; and 
(3) green light inhibited C. auris biofilms in combination with photosensitizing 
compounds, but had no effects on disrupting C. auris biofilms. Taken together, these results 
suggest that photodynamic therapy could be an effective non-drug therapeutic strategy 
against multidrug resistant C. auris biofilm infections. 
 
4.2 Introduction 

Fungi cause a wide range of infections in humans, ranging from superficial skin to 
life-threatening disseminated infections [1]. Antifungal drugs are the most commonly used 
therapeutic agents for treating fungal infections, with only three major classes of antifungal 
drugs (the polyenes, azoles, and echinocandins) available to treat invasive fungal infections 
in humans [2,3]. The azoles and polyenes target the fungal cell membrane, while 
echinocandins target the fungal cell wall; thus, there is a need for new antifungal strategies 
with distinct mechanisms of action [2,3].  

Candida auris is a recently emerged human fungal pathogen belonging to the 
Candida/Clavispora clade that was first isolated from the ear canal of a patient in Japan in 
2009, and has since been identified in over 35 countries [4,5]. C. auris is highly 
transmissible through surface contact, and has been isolated from the surfaces of windows, 
floors, curtains, bedrails, monitors, and other surfaces in healthcare settings [6–8]. In 
infected patients, C. auris is typically isolated from the skin, nares, wounds, axilla, and 
urinary tracts, as well as the bloodstream, bones, and cerebrospinal fluids of patients with 
severe invasive infections [7,9–11]. Once C. auris infections become systemic, they are 
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associated with high mortality rates, ranging from 30-72%, with the highest mortality rates 
reported in patients with histories of extended hospital stays, implanted medical devices, 
or patients who have previously been treated with antifungal drugs [12–17].  

Since its emergence in 2009, C. auris clinical isolates have been reported to be 
resistant to one or more of the three major classes of antifungal drugs used to treat invasive 
fungal infections, with 90% resistant to at least one antifungal drug class, 30% resistant to 
at least two antifungal drug classes, and a handful displaying pan-resistance to all three 
major antifungal drug classes [15,18–21]. C. auris resistance mechanisms are 
multifactorial, and have been reported to include the overexpression of the major facilitator 
superfamily (MFS) and ATP-binding cassette (ABC) drug efflux pumps, mutations in the 
ergosterol biosynthesis pathway, such as in the ERG11 gene, and mutations in the FKS1 
gene, encoding a glucan synthase [12,22–25]. Given its heightened drug resistance and 
transmissibility, C. auris has become a serious global health threat [21,23,26].  

In the current coronavirus disease 2019 (COVID-19) pandemic, coinfections of C. 
auris with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), have been 
increasingly reported, with high mortality rates (~60%), especially for critically ill patients 
who remain in the hospital for extended periods of time (>20 days) and in patients with 
implanted medical devices (e.g., catheters and ventilators) [27–30]. Additionally, high 
mortality rates (50-60%), have also been reported for C. auris-SARS-CoV-2 coinfections 
in patients with underlying chronic conditions, such as diabetes mellitus and kidney disease 
[28,31–35]. The increased spread of C. auris infections during the COVID-19 pandemic is 
likely facilitated, at least in part, by the transformation of intensive care units and other 
hospital facilities into dedicated COVID-19 units, which foster ideal conditions for C. auris 
outbreaks [27,36].  

C. auris possesses multiple virulence traits that contribute to its pathogenicity, 
including the formation of biofilms [15,18]. Biofilms are defined as communities of 
adherent microbial cells encased in a protective extracellular matrix [37,38]. C. auris 
biofilms are composed primarily of yeast-form cells interspersed with pseudohyphal cells 
that are encased in a mannan and glucan extracellular matrix [24,39,40]. Although 
planktonic C. auris cells display antifungal drug resistance on their own, C. auris cells 
isolated from biofilms are even more resistant to antifungal drugs than their free-floating 
counterparts [7,12,39,41]. C. auris biofilm formation is thought to occur in four sequential 
stages: adherence, initiation, maturation, and dispersal [22,24] (Figure 1A). In the 
adherence stage, planktonic C. auris yeast-form cells adhere to biotic surfaces (e.g., skin, 
and mucosal layers) or abiotic surfaces (e.g., catheters, and prosthetic joints). In the 
initiation stage, the adhered C. auris yeast-form cells begin to proliferate, and some 
pseudohyphal cells develop. In the maturation stage, the cells within the C. auris biofilm 
continue to proliferate and an extracellular matrix that encases the biofilm cells is formed. 
Finally, in the dispersal stage, C. auris yeast-form cells leave the biofilm to adhere to and 
form biofilms on new surfaces or enter the bloodstream to cause systemic infections.  
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Figure 4.1. The C. auris biofilm life cycle and the three biofilm assays used in this 
study to assess the antibiofilm properties of visible lights with and without 
photosensitizing compounds. (A) The C. auris biofilm life cycle occurs in four sequential 
stages: adherence, initiation, maturation, and dispersal. In the adherence stage, planktonic 
C. auris yeast-form cells adhere to a surface. In the initiation stage, the adhered cells begin 
to proliferate, and some pseudohyphal cells are formed. In the maturation stage, the cells 
continue to proliferate and an extracellular matrix composed of glucans and mannans 
encases the biofilm cells. Finally, in the dispersal stage, yeast-form cells leave the biofilm 
to adhere to and form biofilms on new surfaces, or enter the bloodstream to cause systemic 
infections. (B) Overview of the adherence inhibition biofilm assay, where the visible light 
of interest with (+) and without (-) the photosensitizing compound (PS) were present during 
the 90-min adherence stage of biofilm formation. (C) Overview of the developmental 
inhibition biofilm assay, where the visible light of interest with (+) and without (-) the PS 
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of interest were present during the 24-h maturation stage of biofilm formation. (D) 
Overview of the disruption biofilm assay, where the visible light of interest with (+) and 
without (-) the PS of interest were present for an additional 24 h on a mature (24-h) biofilm. 
CFUs were measured to determine viable cell counts at the end of each biofilm assay. This 
figure was creating using BioRender.com. 

 
Given that C. auris clinical isolates are often resistant to one or more antifungal 

drug classes, there is a high unmet medical need for the development of new therapeutic 
strategies effective against C. auris. Photodynamic therapy has been used for the past 40 
years to treat oncologic skin conditions, and more recently to treat benign inflammatory 
skin conditions, such as acne vulgaris and viral warts [42–44]. It has also been gaining 
scientific interest as a non-drug therapeutic strategy to treat a variety of infections [45]. 
Photodynamic therapy relies on a light source, a non-toxic photosensitizing compound, and 
molecular oxygen [46–48]. Following light exposure and absorption, the photosensitizing 
compound transfers electrons to molecular oxygen, which acts as an electron acceptor, 
ultimately leading to the production of cytotoxic reactive oxygen species (ROS), such as 
singlet oxygen, hydroxyl radicals, and superoxide anions (Wainwright et al. 2017; St. 
Denis et al. 2011; Lyon et al. 2011; Vatansever et al. 2013). Unlike traditional 
antimicrobial drugs, photodynamic therapy affects multiple non-specific microbial targets 
simultaneously, making it unlikely for resistance to develop. Based on its fundamental 
mechanisms of action, photodynamic therapy could be a clinically useful therapeutic 
strategy effective against infections, including those caused by multidrug resistant C. auris. 

Broadly, the visible light spectrum can be divided into red (620-700 nm), green 
(500-560 nm), and blue (400-490 nm) wavelengths, of which certain discreet wavelengths 
have been reported to display antimicrobial properties [45,46,49,52,53]. Blue light has 
been the most studied for its antimicrobial properties, where it has been shown to 
effectively kill several different species of pathogenic bacteria and fungi, including 
methicillin resistant Staphylococcus aureus, carbapenem resistant Klebsiella pneumoniae, 
and ß-lactam resistant Escherichia coli [54–67]. Comparatively, the antimicrobial 
properties of red and green lights have been much less studied to date [52,68–70].  

Although visible lights can have antimicrobial effects on targeted microbial cells 
on their own, likely by generating ROS through the photoexcitation of naturally occurring 
photosensitizing compounds (e.g., flavoproteins and porphyrins), the combined 
antimicrobial effects of visible lights with exogenous synthetic photosensitizing 
compounds have been shown to significantly increase the generation of ROS [48,62,71,72]. 
Recently, the antimicrobial effects of red, green, and blue visible lights alone and in 
combination with the classic photosensitizing compounds new methylene blue, toluidine 
blue O, and rose bengal, were comprehensively assessed against Candida albicans biofilms 
[73]. In this study, blue light was found to inhibit and disrupt C. albicans biofilms on its 
own and the addition of photosensitizing compounds improved its antibiofilm potential, 
while red and green lights were found to inhibit C. albicans biofilm formation only in 
combination with photosensitizing compounds, but were unable to disrupt biofilms. In 
terms of C. auris, to our knowledge, only one study to date has assessed the effects of 
photodynamic therapy on C. auris biofilms. In this study, red light combined with the 
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photosensitizing compound methylene blue was found to be highly effective at reducing 
viable cell counts from C. auris biofilms [74].  

To better understand the utility of photodynamic therapy against C. auris infections, 
here we comprehensively assessed the efficacies of red, green, and blue visible lights alone 
and in combination with the classic photosensitizing compounds new methylene blue, 
toluidine blue O, and rose bengal, against C. auris biofilms. We found that blue light 
inhibited and disrupted C. auris biofilms on its own, and that the addition of 
photosensitizing compounds improved its antibiofilm potential. We found that red light 
inhibited and disrupted C. auris biofilms, but only in combination with photosensitizing 
compounds. Finally, we found that green light inhibited C. auris biofilms in combination 
with photosensitizing compounds, but had no effects on disrupting C. auris biofilms. In 
general, the effects we observed on C. auris biofilms were similar across biofilms formed 
by different C. auris clinical isolates from distinct genetic clades that display different 
antifungal drug susceptibilities. 

 
4.3 Materials and Methods 
 
4.3.1 Strains and media  

Given that the effects of visible lights on C. albicans biofilms have been 
comprehensively assessed (Bapat et.al 2021), we used the C. albicans clinical isolate 
SC5314 [75] as a reference strain in this study. We used the following C. auris clinical 
isolates: Strain #0383 (AR0383; South African clade), Strain #0389 (AR0389; South Asian 
clade), and Strain #0390 (AR0390; South Asian clade) (Centers for Disease Control and 
Prevention AR Isolate Bank, Drug Resistance Candida species panel; 
https://wwwn.cdc.gov/ARIsolateBank/; accessed on 02/20/2021). The minimum inhibitory 
concentrations (MICs) for representative drugs from the three major antifungal drug classes 
used to treat invasive fungal infections for each C. auris isolate used in this study have 
been reported previously (Lockhart et al., 2017; https://www.cdc.gov/fungal/candida-
auris/c-auris-antifungal.html/; accessed on 05/07/2021), and can be found in Table S1. C. 
auris and C. albicans cells were recovered from -80°C glycerol stocks for two days at 30°C 
on yeast extract peptone dextrose (YPD) agar plates (1% yeast extract (Thermo Fisher 
Scientific, Catalog #211929), 2% Bacto peptone (Gibco, Catalog #211677), 2% dextrose 
(Fisher Scientific Catalog #D16-3), and 2% agar (Criterion, Catalog #89405-066)). 
Overnight cultures were grown for ~15 h at 30°C, shaking at 225 rpm in YPD liquid 
medium (1% yeast extract (Thermo Fisher Scientific, Catalog #211929), 2% Bacto peptone 
(Gibco, Catalog #211677), and 2% dextrose (Fisher Scientific Catalog #D16-3)). All 
biofilm assays were performed using RPMI-1640 medium with L-glutamine and without 
sodium bicarbonate (Sigma Aldrich, Catalog #R6504-10X1L), supplemented with 34.5 g/L 
MOPS (Sigma Aldrich, Catalog #M3183), adjusted to pH 7.2 with sodium hydroxide 
(Fisher Scientific, Catalog #S318-100), and filter sterilized using a 0.22 µm filter (Corning, 
Catalog #431098).  

 
4.3.2 Light sources and photosensitizing compounds 

A red LED light source (ABI LED lighting, Catalog #GR-PAR38-26W-RED, 26-
Watt 620-630 nm, outputting 176 J/cm2), a green LED light source (ABI LED lighting, 
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#GR-PAR38-24W-520nm, 24-Watt 520-530 nm, outputting 204 J/cm2), and a blue LED 
light source (ABI LED lighting, GR-PAR38-24W-BLU, 24-Watt 450 nm, outputting 240 
J/cm2) were placed at a distance of 8 inches from the biofilm wells and were used as 
indicated in the biofilm assays. Average LED light intensity measurements for each light 
source at this distance were 6500 lux for red light, 6700 lux for green light, and 5900 lux 
for blue light. 

The photosensitizing compounds new methylene blue (Sigma Aldrich, Catalog #B-
4631), toluidine blue O (Sigma Aldrich, Catalog #T3260), and rose bengal (Sigma Aldrich, 
Catalog #198250) were added alone and in combination with the red, green, and blue 
visible lights in the biofilm assays. The photosensitizing compounds were dissolved in PBS 
(HyClone, Catalog #16777-252) at a stock concentration of 10 mM and diluted to a 
working concentration of 400 μM in RPMI-1640 medium, which was used to grow the 
biofilms. Stocks of the photosensitizing compounds were prepared fresh every two weeks, 
filter sterilized using a 0.22 µm filter, and stored at 4°C in the dark. 
 
4.3.3 Biofilm assays 

The adherence inhibition, developmental inhibition, and disruption biofilm assays 
were performed as described previously [73], where colony forming units (CFUs) were 
measured at the end of the assays to assess the efficacies of the visible lights with or without 
photosensitizing compounds at reducing C. auris and C. albicans viable cell counts from 
the biofilms.  

In brief, biofilms were grown in triplicate on the bottoms of sterile flat-bottomed 
12-well non-tissue culture treated polystyrene plates (Corning, Catalog #351143). The 12-
well plates were seeded with Candida cells at a final OD600 of 0.5 in a final volume of 2 
mL of RPMI-1640 medium and grown for 90 min at 37°C, with shaking at 250 rpm in an 
ELMI shaker (M2 Scientifics, Catalog #ELMI-TRMS 04). After the 90-min adherence 
stage, the wells were washed gently with PBS and fresh RPMI-1640 medium was added to 
each well. The plates were sealed with breathable sealing membranes (Sigma Aldrich, 
Catalog #Z380059) and grown for 24 h at 37°C, with shaking at 250 rpm in an ELMI 
shaker. For the adherence inhibition biofilm assay, the biofilms were exposed to red, green, 
or blue visible lights with or without a photosensitizing compound during the 90-min 
adherence stage of biofilm formation (Figure 1B). For the developmental inhibition biofilm 
assay, the biofilms were exposed to red, green, or blue visible lights with or without a 
photosensitizing compound throughout the first 24 h of biofilm growth, but not during the 
initial 90-min adherence stage (Figure 1C). For the disruption biofilm assay, biofilms were 
grown, medium was removed from each well containing mature 24-h biofilms, fresh 
RPMI-1640 medium was added to each well, the plates were re-sealed, and the mature 
biofilms were exposed to red, green, or blue visible lights with or without a 
photosensitizing compound for an additional 24 h (Figure 1D). The 12-well plates were 
divided such that half of one plate was exposed to the light of interest and the other half 
was covered with foil and served as a no light control. 
 
4.3.4 Determination of colony forming units (CFUs) from Candida biofilms 

CFU determinations from biofilms were performed as previously described (Gulati 
et al. 2018; Lohse et al. 2017; Bapat et.al 2021). Briefly, biofilms were scraped from the 



 
   

 

 

97 

   

 

bottoms of the each well of a 12-well plate using a sterile spatula, vigorously vortexed, 
serially diluted in PBS, and plated onto YPD agar plates. The plates were incubated at 30°C 
for 2 days and colonies were counted to determine CFUs/mL. Statistical significance was 
determined using Student’s unpaired two-tailed t-tests assuming unequal variance. 
 
4.3.5 Viability staining of C. auris biofilms 

To assess the viability of C. auris biofilm cells, viability staining was performed 
both on C. auris biofilms directly and on C. auris cells resuspended from biofilms under 
each light and photosensitizing compound treatment condition using the LIVE/DEAD 
BacLight viability kit (Invitrogen, Catalog #L7012) as described previously for use on C. 
albicans biofilms [73,79], and according to the manufacturer’s protocol. Briefly, the 
samples were incubated with 3 μL of SYTO9 and 3 μL of propidium iodide in the dark at 
30°C for 20 min. Following incubation, the samples were imaged by fluorescence 
microscopy at 20X magnification with a green laser (GFP/green channel; 470 nm 
excitation wavelength) and a red laser (Texas Red/red channel; 585 nm excitation 
wavelength) using an EVOS Cell Imaging System (Life Technologies, Catalog #EVOS FL 
Cell Imaging System). 

 
4.4 Results 
4.4.1 Blue visible light alone is effective against C. auris biofilms 

To determine whether red, green, and blue visible lights on their own can affect C. 
auris biofilm development, we first performed the three biofilm assays in the presence of 
each of these visible light treatments. We used three C. auris clinical isolates encompassing 
two different genetic clades (AR0383 from the South African clade, AR0389 from the 
South Asian clade, and AR0390 from the South Asian clade). We found that red and green 
visible lights on their own had no effects on C. auris biofilms in any of the three biofilm 
assays compared to the untreated control (Figure 2A-B; Figure S1A-B). We also found that 
blue light on its own had no effect at inhibiting C. auris biofilm formation in the adherence 
inhibition biofilm assay compared to the untreated control (Figure 2C; Figure S1C). 
However, blue light on its own was effective at inhibiting C. auris biofilm formation by 
77% (averaging all three C. auris strains) in the developmental inhibition biofilm assay 
(p=0.0001) (Figure 2C; Figure S1C). We also found that blue light on its own was effective 
at disrupting C. auris biofilms by 57% (averaging all three C. auris strains) in the disruption 
biofilm assay (p=0.0004) (Figure 2C; Figure S1C).  
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Figure 4.2. Blue visible light alone is effective against C. auris biofilms. C albicans 
(SC5314) and C. auris (AR0383 and AR0389) biofilms were exposed to red, green, and 
blue visible lights individually in the adherence inhibition, developmental inhibition, and 
disruption biofilm assays. CFUs/mL were counted to determine viable cell counts at the 
end of each of the biofilm assays. Effects of (A) red light alone (Red Light), (B) green light 
alone (Green Light), and (C) blue light alone (Blue Light) in the three different biofilm 
assays compared to an untreated control (Untreated). Standard deviations are shown for 
each sample (n=3). The average CFUs/mL of the untreated control samples for each assay 
were normalized to 1. Significance comparisons are relative to the untreated control and 
were determined using student’s unpaired two-tailed t-tests assuming unequal variance for 
p ≤ 0.001 (***).  
 
4.4.2 Red, green, and blue visible lights in combination with photosensitizing 
compounds are effective against C. auris biofilms 

To determine whether red, green, and blue visible lights combined with classic 
exogenous photosensitizing compounds can affect C. auris biofilm development, we 
performed the three biofilm assays in the presence of each of these visible light treatments 
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plus new methylene blue, toluidine blue O, and rose bengal, and assessed the effects of this 
treatment on C. auris biofilms formed by AR0383, AR0389, and AR0390. Compared to 
the average of the untreated control, red light on its own, and each photosensitizing 
compound on its own (i.e., the three negative controls), we found that red light plus any of 
the photosensitizing compounds had no effect on C. auris biofilm formation in the 
adherence inhibition biofilm assay (Figure 3A; Figure S2A). Compared to the average of 
the three negative controls, we found that red light plus any of the photosensitizing 
compounds was effective at inhibiting C. auris biofilm formation by 58% when combined 
with new methylene blue (p=0.0001), 58% when combined with toluidine blue O 
(p=0.0002), and 55% when combined with rose bengal (p=0.0001) (averaging all three C. 
auris strains) in the developmental inhibition biofilm assay (Figure 3B; Figure S2B). 
Compared to the average of the three negative controls, we found that red light plus any of 
the photosensitizing compounds was effective at disrupting mature C. auris biofilms by 
71% when combined with new methylene blue (p=0.0005), 76% when combined with 
toluidine blue O (p=0.0004), and 32% when combined with rose bengal (p=0.009) 
(averaging all three C. auris strains) in the disruption biofilm assay (Figure 3C; Figure 
S2C).  
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Figure 4.3. Red visible light in combination with photosensitizing compounds is 
effective against C. auris biofilms. C albicans (SC5314) and C. auris (AR0383 and 
AR0389) biofilms were exposed to red visible light with and without the photosensitizing 
compound indicated in the (A) adherence inhibition, (B) developmental inhibition, and (C) 
disruption biofilm assays. Untreated control (Untreated), red light alone (Red Light), 
photosensitizing compound alone (New Methylene Blue, Toluidine Blue O, and Rose 
Bengal), and red light in combination with the photosensitizing compound (Red Light + 
New Methylene Blue, Red Light + Toluidine Blue O, and Red Light +  Rose Bengal) are 
shown. CFUs/mL were measured to determine viable cell counts from the biofilms at the 
end of each biofilm assay. Standard deviations are shown for each sample (n=3). The 
average CFUs/mL of the untreated control samples for each assay were normalized to 1. 
Significance comparisons are relative to the untreated control unless otherwise noted with 
significance bars and were determined using student’s unpaired two-tailed t-tests assuming 
unequal variance for p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***).  

Compared to the average of the untreated control, green light on its own, and each 
photosensitizing compound on its own (i.e., the three negative controls), we found that 
green light plus any of the photosensitizing compounds had no effect on C. auris biofilm 
formation in the adherence inhibition biofilm assay (Figure 4A; Figure S3A). Compared to 
the average of the three negative controls, we found that green light plus any of the 
photosensitizing compounds was effective at inhibiting C. auris biofilm formation by 62% 
when combined with new methylene blue (p=0.004), 76% when combined with toluidine 
blue O (p=0.0007), and 74% when combined with rose bengal (p=0.0004) (averaging all 
three C. auris strains) in the developmental inhibition biofilm assay (Figure 4B; Figure 
S3B). Compared to the average of the three negative controls, we found that green light 
plus any of the photosensitizing compounds was not effective at disrupting mature C. auris 
biofilms (averaging all three C. auris strains) in the disruption biofilm assay (Figure 4C; 
Figure S3C).  
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Figure 4.4. Green visible light in combination with photosensitizing compounds is 
effective against C. auris biofilms. C albicans (SC5314) and C. auris (AR0383 and 
AR0389) biofilms were exposed to green visible light with and without the 
photosensitizing compound indicated in the (A) adherence inhibition, (B) developmental 
inhibition, and (C) disruption biofilm assays. Untreated control (Untreated), green light 
alone (Green Light), photosensitizing compound alone (New Methylene Blue, Toluidine 
Blue O, and Rose Bengal), and green light in combination with the photosensitizing 
compound (Green Light + New Methylene Blue, Green Light + Toluidine Blue O, and 
Green Light + Rose Bengal) are shown. CFUs/mL were counted to determine viable cell 
counts at the end of each of the biofilm assays. Standard deviations are shown for each 
sample (n=3). The average CFUs/mL of the untreated control samples for each assay were 
normalized to 1. Significance comparisons are relative to the untreated control unless 
otherwise noted with significance bars and were determined using student’s unpaired two-
tailed t-tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 0.01 (**) and p ≤ 0.001 
(***).  

Compared to the average of the untreated control, blue light on its own, and each 
photosensitizing compound on its own, we found that blue light plus any of the three 
photosensitizing compounds had no effect on C. auris biofilm formation in the adherence 
inhibition biofilm assay (Figure 5A; Figure S4A). Since blue light on its own was effective 
at inhibiting and disrupting C. auris biofilms in the developmental inhibition biofilm assay 
and the disruption biofilm assay, respectively (Figure 2C; Figure S1C), we compared the 
effects of blue light plus the three photosensitizing compounds to the average of the 
untreated control and each photosensitizing compound on its own (i.e., the two negative 
controls) for these biofilm assays. Compared to the average of the two negative controls, 
we found that blue light plus any of the photosensitizing compounds was effective at 
inhibiting C. auris biofilm formation by 84% when combined with new methylene blue 
(p=0.00001), 85% when combined with toluidine blue O (p=0.00001), and 78% when 
combined with rose bengal (p=0.0001) (averaging all three C. auris strains) in the 
developmental inhibition biofilm assay (Figure 5B; Figure S4B). Compared to the biofilm 
inhibitory effects of blue light on its own, we found that blue light plus new methylene 
blue had an additive inhibitory effect of 7% (p=0.01), and blue light plus toluidine blue O 
had an additive inhibitory effect of 8% (p=0.01) (averaging all three C. auris strains) in 
the developmental inhibition biofilm assay (Figure 5B; Figure S4B). We did not observe 
an additive inhibitory effect of blue light plus rose bengal against C. auris biofilms in the 
developmental inhibition biofilm assay (Figure 5B; Figure S4B). Compared to the average 
of the two negative controls, we found that blue light plus any of the photosensitizing 
compounds was effective at disrupting mature C. auris biofilms by 79% when combined 
with new methylene blue (p=0.0003), 79% when combined with toluidine blue O 
(p=0.0002), and 66% when combined with rose bengal (p=0.007) (averaging all three C. 
auris strains) in the disruption biofilm assay (Figure 5C; Figure S4C). Compared to the 
biofilm disruption effects of blue light on its own, the combination of blue light plus new 
methylene blue had an additive biofilm disruption effect of 22% (p=0.002), blue light plus 
toluidine blue O had an additive effect of 22% (p=0.002), and blue light plus rose bengal 
had an additive effect of 9% (p=0.01) (averaging all three C. auris strains) in the disruption 
biofilm assay (Figure 5C; Figure S4C).   
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Figure 4.5. Blue visible light in combination with photosensitizing compounds is 
effective against C. auris biofilms. C albicans (SC5314) and C. auris (AR0383 and 
AR0389) biofilms were exposed to blue visible light with and without the photosensitizing 
compound indicated in the (A) adherence inhibition, (B) developmental inhibition, and (C) 
disruption biofilm assays. Untreated control (Untreated), blue light alone (Blue Light), 
photosensitizing compound alone (New Methylene Blue, Toluidine Blue O, and Rose 
Bengal), and blue light in combination with the photosensitizing compounds (Blue Light 
+ New Methylene Blue, Blue Light + Toluidine Blue O, and Blue Light +  Rose Bengal) 
are shown. CFUs/mL were counted to determine viable cell counts at the end of each of 
the biofilm assays. Standard deviations are shown for each sample (n=3). The average 
CFUs/mL of the untreated control samples for each assay were normalized to 1. 
Significance comparisons are relative to the untreated control unless otherwise noted with 
significance bars and were determined using student’s unpaired two-tailed t-tests assuming 
unequal variance for p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***). 

Finally, as an independent assay for biofilm cell viability, we performed 
LIVE/DEAD staining assays on both C. auris biofilms directly and on C. auris cells 
resuspended from biofilms under the different visible light and photosensitizing compound 
treatment conditions. Our cell viability staining results were consistent with our CFU 
determinations for all treatment conditions (see Figures S5-S9 for representative images 
from the LIVE/DEAD staining assays performed directly on C. auris biofilms formed by 
AR0383 and Figures S10-S14 for representative images from the LIVE/DEAD staining 
assays performed on C. auris cells resuspended from biofilms formed by AR0383).  
 
4.5 Discussion 

Photodynamic therapy is used today to treat oncological and inflammatory skin 
conditions; however, its potential use as an antimicrobial strategy is only beginning to be 
recognized. Photodynamic therapy relies on the localized production of ROS that can have 
cytotoxic effects on targeted cells. To determine the utility of photodynamic therapy for 
use against C. auris infections, we assessed the antibiofilm effects of red, green, and blue 
visible lights alone and in combination with the classic photosensitizing compounds new 
methylene blue, toluidine blue O, and rose bengal on C. auris biofilms. We found that, of 
the visible lights tested, blue light was the only visible light that had antibiofilm properties 
on its own against C. auris biofilms, where it markedly prevented biofilm formation when 
it was applied throughout biofilm development, as well as markedly disrupted biofilms 
when it was applied on a mature biofilm. Overall, we found that red, green, and blue visible 
lights when combined with photosensitizing compounds, prevented C. auris biofilm 
formation when applied throughout biofilm development; however, only red and blue 
lights in combination with photosensitizing compounds disrupted mature C. auris biofilms. 
Interestingly, none of the visible lights and photosensitizing compound combination 
treatments were effective at inhibiting C. auris biofilms during the 90-min adherence stage 
of biofilm formation, highlighting the importance of exposure time in the antibiofilm 
efficacy of photodynamic therapy.   

Our findings on C. auris biofilms indicate that photosensitizing compounds can 
sensitize C. auris biofilms to visible lights when applied throughout biofilm development 
(i.e., over the course of a 24-hr period). We found that the combination treatments of red 
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and blue lights with the photosensitizing compounds had the most striking antibiofilm 
effects, where these treatments both prevented C. auris biofilm formation as well as 
disrupted mature C. auris biofilms, significantly above red and blue light treatments alone. 
These effects were especially notable when red and blue lights were combined with new 
methylene blue and toluidine blue O, which are both phenothiazinium salt photosensitizing 
compounds. Although the detailed mechanisms of how photosensitizing compounds 
sensitize C. auris biofilms to light exposure are not understood, photosensitizing 
compounds are generally known to enhance the production of ROS [45,62,80], which 
likely leads to cytotoxicity of C. auris biofilm cells. Overall, our findings demonstrate that 
blue light plus toluidine blue O, followed closely by blue light plus new methylene blue, 
red light plus toluidine blue O, and then red light plus new methylene blue, are the most 
effective photodynamic therapy treatment combinations against C. auris biofilms.  

In general, the majority of our findings on the effects of visible lights in 
combination with photosensitizing compounds on C. auris biofilms are consistent with the 
effects of these treatments on C. albicans biofilms [73]; however, there are two notable 
species-specific differences that we would like to point out. First, we found that red light 
in combination with photosensitizing compounds was effective at disrupting mature C. 
auris biofilms by 60% on average, while this treatment had no effect on C. albicans 
biofilms. Second, we found that green light in combination with toluidine blue O, and green 
light in combination with rose bengal, were on average more effective at preventing C. 
auris biofilm formation by 32% and 42%, respectively, than they were at preventing C. 
albicans biofilm formation. These observed species-specific differences in treatment 
efficacies suggest that photodynamic therapy may be overall more effective against C. 
auris biofilms than against C. albicans biofilms, which may, in part, be due to structural 
differences between C. auris and C. albicans biofilms. For example, C. auris biofilms are 
generally thinner than C. albicans biofilms, and are composed of yeast-form cells with 
occasional pseudohyphal cells that are encased in a glucan and mannan extracellular matrix 
[24,39,40]. C. albicans biofilms, on the other hand, are generally thicker than C. auris 
biofilms, and are composed of yeast-form cells, pseudohyphal cells, and hyphal cells, 
encased in an extracellular matrix composed of proteins, lipids, carbohydrates, and nucleic 
acids [81–84]. These structural differences between C. auris and C. albicans biofilms could 
influence the efficacies of photodynamic therapy by affecting the uptake of 
photosensitizing compounds and the traversal of visible lights throughout the biofilm 
architecture [41]. In addition, differences in cell wall composition between C. auris and C. 
albicans cells could also impact how visible lights and photosensitizing compounds 
interact with the cell wall and thus impact the antibiofilm effectiveness of photodynamic 
therapy. The C. auris cell wall, for example, contains distinct cell surface mannans that are 
absent from the C. albicans cell wall as well as elevated chitin levels relative to the C. 
albicans cell wall [85–87].  

Since antimicrobial photodynamic therapy relies on the localized production of 
ROS to cause oxidation of microbial lipids, proteins, and carbohydrates, it is likely to have 
broad-spectrum antimicrobial activity against many different microorganisms [47,88–90]. 
Indeed, there is evidence to suggest that photodynamic therapy is effective at killing of a 
wide range of microorganisms, including pathogenic gram-positive and gram-negative 
bacteria, protozoa, fungi, and even viruses [50,63,91–95]. In fact, in the current COVID-
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19 pandemic, antimicrobial photodynamic therapy has been suggested as a potential 
therapeutic strategy to use against COVID-19 infections [96–98]. Consistent with this idea, 
one recent study demonstrated that red light in combination with photosensitizing 
compounds was effective at inhibiting SARS-CoV-2 viral replication within mammalian 
Vero E6 cells [99]. Given that the prevalence of C. auris-SARS-CoV-2 coinfections have 
been increasing throughout the COVID-19 pandemic and that there is evidence to suggest 
that photodynamic therapy could be effective against C. auris and SARS-CoV-2 infections 
individually, photodynamic therapy could be a promising therapeutic strategy to consider 
for these as well as other coinfections in the clinic.  

Recently, pan-resistant clinical isolates of C. auris that are resistant to all three of 
the major classes of antifungal drugs available to treat invasive fungal infections in humans 
have been reported in several countries, including the United States [100]. Despite the 
emergence of these pan-resistant isolates, antifungal drugs remain the most commonly used 
treatment for C. auris infections [12,13]. Based on our findings as well as numerous 
findings in the literature on the effectiveness of antimicrobial photodynamic therapies 
against a multitude of pathogenic microorganisms across phylogenetic kingdoms, we 
believe that photodynamic therapy could be a valuable therapeutic strategy that should be 
explored further for use against C. auris infections. In the context of C. auris infections, 
there are at least three major drawbacks of traditional antifungal drug therapies that are 
overcome by the use of photodynamic therapy. First, the development of antifungal drug 
resistance after exposure to antifungal drugs can render traditional antifungal drug 
treatments virtually ineffective against fungal infections. This is frequently observed in the 
context of C. auris infections, and in fact, the majority of C. auris clinical isolates are 
resistant to at least one antifungal drug class [12,18,21]. Given that photodynamic therapy 
generates ROS that affect multiple non-specific microbial targets simultaneously, it is 
unlikely that C. auris resistance to photodynamic therapy could be developed, and 
antimicrobial resistance to photodynamic therapy, in general, has not been reported to date. 
Second, antifungal drugs, especially the polyenes, are known to cause significant toxicities 
to human cells and are typically administered systemwide (e.g., intravenously) [101]. 
Photodynamic therapy uses non-toxic photosensitizing compounds combined with visible 
lights that pose little toxicity concerns to humans [46,47]. In addition, photodynamic 
therapy can be spatially confined to an area of interest, thus limiting unnecessary exposure 
of human cells to the treatment. Third, the mechanisms of action of almost all existing 
antimicrobial drugs target microbial metabolic processes, and thus require that the 
microbial cells are metabolically active in order to be effective [102–104]. This 
requirement poses significant inconsistencies in antimicrobial drug effectiveness within 
heterogeneous microbial cell populations. This is especially true in the context of biofilms, 
where heterogeneous cell populations are present throughout the biofilm architecture with 
varying levels of metabolic activity [105–107]. In addition, metabolically dormant 
phenotypic cell variants within mature biofilms, called persister cells, are markedly 
difficult to eradicate with traditional antimicrobial drugs [105,108–110]. C. auris biofilms, 
in particular, are notorious for displaying low susceptibilities to existing antifungal drugs, 
including caspofungin and amphotericin B, which is likely the result of, at least in part, cell 
heterogeneity within C. auris biofilms [22,39]. Photodynamic therapy does not require that 
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microbial cells are metabolically active, and there is some evidence to suggest that 
photodynamic therapy is effective against persister cells in bacteria [47,111]. 

In summary, our results suggest that photodynamic therapy is highly effective at 
inhibiting C. auris biofilm formation and at disrupting mature C. auris biofilms in vitro. 
Given that there are only three classes of antifungal drugs used to treat invasive fungal 
infections and that pan-resistant C. auris isolates have been emerging that have rendered 
the use of these antifungal drugs ineffective, new therapeutic strategies effective against C. 
auris are urgently needed. Our work suggests that photodynamic therapy could be a 
clinically viable option in combating C. auris infections that should be explored further.  
 
4.6 Supplementary Materials 

Figure S4.1. Blue visible light alone is effective against biofilms formed by an 
additional C. auris clinical isolate. C. albicans (SC5314) and C. auris (AR0390) biofilms 
were exposed to red, green, and blue visible lights individually in the adherence inhibition, 
developmental inhibition, and disruption biofilm assays. CFUs/mL were counted to 
determine viable cell counts at the end of each of the biofilm assays. Effects of (A) red 
light alone (Red Light), (B) green light alone (Green Light), and (C) blue light alone (Blue 
Light) in the three different biofilm assays compared to an untreated control (Untreated). 
Standard deviations are shown for each sample (n=3). The average CFUs/mL of the 
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untreated control samples for each assay were normalized to 1. Significance comparisons 
are relative to the untreated control and were determined using student’s unpaired two-
tailed t-tests assuming unequal variance for =p ≤ 0.001 (***). 

 
Figure S4.2. Red visible light in combination with photosensitizing compounds is 
effective against biofilms formed by an additional C. auris clinical isolate. C albicans 
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(SC5314) and C. auris (AR0390) biofilms were exposed to red visible light with and 
without the photosensitizing compound indicated in the (A) adherence inhibition, (B) 
developmental inhibition, and (C) disruption biofilm assays. Untreated control (Untreated), 
red light alone (Red Light), photosensitizing compound alone (New Methylene Blue, 
Toluidine Blue O, and Rose Bengal), and red light in combination with the photosensitizing 
compound (Red Light + New Methylene Blue, Red Light + Toluidine Blue O, and Red 
Light + Rose Bengal) are shown. CFUs/mL were measured to determine viable cell counts 
from the biofilms at the end of each biofilm assay. Standard deviations are shown for each 
sample (n=3). The average CFUs/mL of the untreated control samples for each assay were 
normalized to 1. Significance comparisons are relative to the untreated control unless 
otherwise noted with significance bars and were determined using student’s unpaired two-
tailed t-tests assuming unequal variance for p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***).  
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Figure S4.3. Green visible light in combination with photosensitizing compounds is 
effective against biofilms formed by an additional C. auris clinical isolate.  C albicans 
(SC5314) and C. auris (AR0390) biofilms were exposed to green visible light with and 
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without the photosensitizing compound indicated in the (A) adherence inhibition, (B) 
developmental inhibition, and (C) disruption biofilm assays. Untreated control (Untreated), 
green light alone (Green Light), photosensitizing compound alone (New Methylene Blue, 
Toluidine Blue O, and Rose Bengal), and green light in combination with the 
photosensitizing compound (Green Light + New Methylene Blue, Green Light + Toluidine 
Blue O, and Green Light + Rose Bengal) are shown. CFUs/mL were counted to determine 
viable cell counts at the end of each of the biofilm assays. Standard deviations are shown 
for each sample (n=3). The average CFUs/mL of the untreated control samples for each 
assay were normalized to 1. Significance comparisons are relative to the untreated control 
unless otherwise noted with significance bars and were determined using student’s 
unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), and p ≤ 0.01 (**) 
and p ≤ 0.001 (***).  
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Figure S4.4 Blue visible light in combination with photosensitizing compounds is 
effective against biofilms formed by an additional C. auris clinical isolate.  C albicans 
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(SC5314) and C. auris (AR0390) biofilms were exposed to blue visible light with and 
without the photosensitizing compound indicated in the (A) adherence inhibition, (B) 
developmental inhibition, and (C) disruption biofilm assays. Untreated control (Untreated), 
blue light alone (Blue Light), photosensitizing compound alone (New Methylene Blue, 
Toluidine Blue O, and Rose Bengal), and blue light in combination with the 
photosensitizing compounds (Blue Light + New Methylene Blue, Blue Light + Toluidine 
Blue O, and Blue Light + Rose Bengal) are shown. CFUs/mL were counted to determine 
viable cell counts at the end of each of the biofilm assays. Standard deviations are shown 
for each sample (n=3). The average CFUs/mL of the untreated control samples for each 
assay were normalized to 1. Significance comparisons are relative to the untreated control 
unless otherwise noted with significance bars and were determined using student’s 
unpaired two-tailed t-tests assuming unequal variance for p ≤ 0.05 (*), p ≤ 0.01 (**), and 
p ≤ 0.001 (***) 
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Figure S4.5. Red visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of C. auris biofilms in the developmental 
inhibition biofilm assay. The viability of C. auris (AR0383) biofilms was assessed using 
the LIVE/DEAD BacLight viability kit, where green fluorescence indicates live cells, and 
red fluorescence indicates dead cells. The samples were imaged by fluorescence 
microscopy at 20X magnification with a green laser (GFP/green channel) shown in the top 
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panels, a red laser (Texas Red/red channel) shown in the middle panels, and overlayed 
shown in the bottom panels for each set of images. Representative images are shown for 
the untreated control (Untreated), red light alone (Red Light), new methylene blue 
photosensitizing compound alone (New Methylene Blue), red light in combination with 
new methylene blue photosensitizing compound (Red Light + New Methylene Blue), 
toluidine blue O photosensitizing compound alone (Toluidine Blue O), red light in 
combination with toluidine blue O photosensitizing compound (Red Light + Toluidine 
Blue O), rose bengal photosensitizing compound alone (Rose Bengal) and red light in 
combination with rose bengal photosensitizing compound (Red Light + Rose Bengal). 
Scale bars represent 200μm. 
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Figure S4.6. Red visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of C. auris biofilms disruption biofilm assay. The 
viability of C. auris (AR0383) biofilms was assessed using the LIVE/DEAD BacLight 
viability kit, where green fluorescence indicates live cells, and red fluorescence indicates 
dead cells. The samples were imaged by fluorescence microscopy at 20X magnification 
with a green laser (GFP/green channel) shown in the top panels, a red laser (Texas Red/red 
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channel) shown in the middle panels, and overlayed shown in the bottom panels for each 
set of images. Representative images are shown for the untreated control (Untreated), red 
light alone (Red Light), new methylene blue photosensitizing compound alone (New 
Methylene Blue), red light in combination with new methylene blue photosensitizing 
compound (Red Light + New Methylene Blue), toluidine blue O photosensitizing 
compound alone (Toluidine Blue O), red light in combination with toluidine blue O 
photosensitizing compound (Red Light + Toluidine Blue O), rose bengal photosensitizing 
compound alone (Rose Bengal) and red light in combination with rose bengal 
photosensitizing compound (Red Light + Rose Bengal). Scale bars represent 200μm. 
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Figure S4.7. Green visible light visible light in combination with photosensitizing 
compounds is effective at reducing the cell viability of C. auris biofilms in the 
developmental inhibition biofilm assay. The viability of C. auris (AR0383) biofilms was 
assessed using the LIVE/DEAD BacLight viability kit, where green fluorescence indicates 
live cells, and red fluorescence indicates dead cells. The samples were imaged by 
fluorescence microscopy at 20X magnification with a green laser (GFP/green channel) 
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shown in the top panels, a red laser (Texas Red/red channel) shown in the middle panels, 
and overlayed shown in the bottom panels for each set of images. Representative images 
are shown for the untreated control (Untreated), green light alone (Green Light), new 
methylene blue photosensitizing compound alone (New Methylene Blue), green light in 
combination with new methylene blue photosensitizing compound (Green Light + New 
Methylene Blue), toluidine blue O photosensitizing compound alone (Toluidine Blue O), 
green light in combination with toluidine blue O photosensitizing compound (Green Light 
+ Toluidine Blue O), rose bengal photosensitizing compound alone (Rose Bengal) and 
green light in combination with rose bengal photosensitizing compound (Green Light + 
Rose Bengal). Scale bars represent 200μm. 
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Figure S4.8. Blue visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of C. auris biofilms in the developmental 
inhibition biofilm assay. The viability of C. auris (AR0383) biofilms was assessed using 
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the LIVE/DEAD BacLight viability kit, where green fluorescence indicates live cells, and 
red fluorescence indicates dead cells. The samples were imaged by fluorescence 
microscopy at 20X magnification with a green laser (GFP/green channel) shown in the top 
panels, a red laser (Texas Red/red channel) shown in the middle panels, and overlayed 
shown in the bottom panels for each set of images. Representative images are shown for 
the untreated control (Untreated), blue light alone (Blue Light), new methylene blue 
photosensitizing compound alone (New Methylene Blue), blue light in combination with 
new methylene blue photosensitizing compound (Blue Light + New Methylene Blue), 
toluidine blue O photosensitizing compound alone (Toluidine Blue O), blue light in 
combination with toluidine blue O photosensitizing compound (Blue Light + Toluidine 
Blue O), rose bengal photosensitizing compound alone (Rose Bengal) and blue light in 
combination with rose bengal photosensitizing compound (Blue Light + Rose Bengal). 
Scale bars represent 200μm. 
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Figure S4.9. Blue visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of C. auris biofilms disruption biofilm assay. The 
viability of C. auris (AR0383) biofilms was assessed using the LIVE/DEAD BacLight 
viability kit, where green fluorescence indicates live cells, and red fluorescence indicates 
dead cells. The samples were imaged by fluorescence microscopy at 20X magnification 
with a green laser (GFP/green channel) shown in the top panels, a red laser (Texas Red/red 
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channel) shown in the middle panels, and overlayed shown in the bottom panels for each 
set of images. Representative images are shown for the untreated control (Untreated), blue 
light alone (Blue Light), new methylene blue photosensitizing compound alone (New 
Methylene Blue), blue light in combination with new methylene blue photosensitizing 
compound (Blue Light + New Methylene Blue), toluidine blue O photosensitizing 
compound alone (Toluidine Blue O), blue light in combination with toluidine blue O 
photosensitizing compound (Blue Light + Toluidine Blue O), rose bengal photosensitizing 
compound alone (Rose Bengal) and blue light in combination with rose bengal 
photosensitizing compound (Blue Light + Rose Bengal). Scale bars represent 200μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
   

 

 

125 

   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.10. Red visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of cells resuspended from C. auris biofilms in 
the developmental inhibition biofilm assay. The viability of C. auris (AR0383) cells 
resuspended from biofilms was assessed using the LIVE/DEAD BacLight viability kit, 
where green fluorescence indicates live cells, and red fluorescence indicates dead cells. 
The samples were imaged by fluorescence microscopy at 20X magnification with a green 
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laser (GFP/green channel) shown in the top panels, a red laser (Texas Red/red channel) 
shown in the middle panels, and overlayed shown in the bottom panels for each set of 
images. Representative images are shown for the untreated control (Untreated), red light 
alone (Red Light), new methylene blue photosensitizing compound alone (New Methylene 
Blue), red light in combination with new methylene blue photosensitizing compound (Red 
Light + New Methylene Blue), toluidine blue O photosensitizing compound alone 
(Toluidine Blue O), red light in combination with toluidine blue O photosensitizing 
compound (Red Light + Toluidine Blue O), rose bengal photosensitizing compound alone 
(Rose Bengal) and red light in combination with rose bengal photosensitizing compound 
(Red Light + Rose Bengal). Scale bars represent 200μm. 
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Figure S4.11. Red visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of cells resuspended from C. auris biofilms in 
the disruption biofilm assay. The viability of C. auris (AR0383) cells resuspended from 
biofilms was assessed using the LIVE/DEAD BacLight viability kit, where green 
fluorescence indicates live cells, and red fluorescence indicates dead cells. The samples 
were imaged by fluorescence microscopy at 20X magnification with a green laser 
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(GFP/green channel) shown in the top panels, a red laser (Texas Red/red channel) shown 
in the middle panels, and overlayed shown in the bottom panels for each set of images. 
Representative images are shown for the untreated control (Untreated), red light alone (Red 
Light), new methylene blue photosensitizing compound alone (New Methylene Blue), red 
light in combination with new methylene blue photosensitizing compound (Red Light + 
New Methylene Blue), toluidine blue O photosensitizing compound alone (Toluidine Blue 
O), red light in combination with toluidine blue O photosensitizing compound (Red Light 
+ Toluidine Blue O), rose bengal photosensitizing compound alone (Rose Bengal) and red 
light in combination with rose bengal photosensitizing compound (Red Light + Rose 
Bengal). Scale bars represent 200μm. 
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Figure S4.12. Green visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of cells resuspended from C. auris biofilms in 
the developmental inhibition biofilm assay. The viability of C. auris (AR0383) cells 
resuspended from biofilms was assessed using LIVE/DEAD BacLight viability kit, where 
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green fluorescence indicates live cells, and red fluorescence indicates dead cells. The 
samples were imaged by fluorescence microscopy at 20X magnification with a green laser 
(GFP/green channel) shown in the top panels, a red laser (Texas Red/red channel) shown 
in the middle panels, and overlayed shown in the bottom panels for each set of images. 
Representative images are shown for the untreated control (Untreated), green light alone 
(Green Light), new methylene blue photosensitizing compound alone (New Methylene 
Blue), green light in combination with new methylene blue photosensitizing compound 
(Green Light + New Methylene Blue), toluidine blue O photosensitizing compound alone 
(Toluidine Blue O), green light in combination with toluidine blue O photosensitizing 
compound (Green Light + Toluidine Blue O), rose bengal photosensitizing compound 
alone (Rose Bengal) and green light in combination with rose bengal photosensitizing 
compound (Green Light + Rose Bengal). Scale bars represent 200μm. 
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Figure S4.13. Blue visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of cells resuspended from C. auris biofilms in 
the developmental inhibition biofilm assay. The viability of C. auris (AR0383) cells 
resuspended from biofilms was assessed using the LIVE/DEAD BacLight viability kit, 
where green fluorescence indicates live cells, and red fluorescence indicates dead cells. 
The samples were imaged by fluorescence microscopy at 20X magnification with a green 
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laser (GFP/green channel) shown in the top panels, a red laser (Texas Red/red channel) 
shown in the middle panels, and overlayed shown in the bottom panels. Representative 
images are shown for the untreated control (Untreated), blue light alone (Blue Light), new 
methylene blue photosensitizing compound alone (New Methylene Blue), blue light in 
combination with new methylene blue photosensitizing compound (Blue Light + New 
Methylene Blue), toluidine blue O photosensitizing compound alone (Toluidine Blue O), 
blue light in combination with toluidine blue O photosensitizing compound (Blue Light + 
Toluidine Blue O), rose bengal photosensitizing compound alone (Rose Bengal) and blue 
light in combination with rose bengal photosensitizing compound (Blue Light + Rose 
Bengal). Scale bars represent 200μm. 
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Figure S4.14. Blue visible light in combination with photosensitizing compounds is 
effective at reducing the cell viability of cells resuspended from C. auris biofilms in 
the disrutpion biofilm assay. The viability of C. auris (AR0383) cells resuspended from 
biofilms was assessed using the LIVE/DEAD BacLight viability kit, where green 
fluorescence indicates live cells, and red fluorescence indicates dead cells. The samples 
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were imaged by fluorescence microscopy at 20X magnification with a green laser 
(GFP/green channel) shown in the top panels, a red laser (Texas Red/red channel) shown 
in the middle panels, and overlayed shown in the bottom panels for each set of images.  
Representative images are shown for the untreated control (Untreated), blue light alone 
(Blue Light), new methylene blue photosensitizing compound alone (New Methylene 
Blue), blue light in combination with new methylene blue photosensitizing compound 
(Blue Light + New Methylene Blue), toluidine blue O photosensitizing compound alone 
(Toluidine Blue O), blue light in combination with toluidine blue O photosensitizing 
compound (Blue Light + Toluidine Blue O), rose bengal photosensitizing compound alone 
(Rose Bengal) and blue light in combination with rose bengal photosensitizing compound 
(Blue Light + Rose Bengal). Scale bars represent 200μm. 
 
Table S4.1: Reported MICs for the C. auris strains used in this study. 
 AR Bank Isolate, Clade, and MICs (µg/mL) #  

Antifungal drugs AR0383 
(South Africa) 

AR0389 
(South Asia) 

AR0390 
(South Asia) 

Amphotericin B 0.38 4 4 
Fluconazole 128 256 >256 
Caspofungin 0.25 0.5 0.5 

 

#MICs were reported in Lockhart et al., 2017; and https://www.cdc.gov/fungal/candida-
auris/c-auris-antifungal.html/; accessed on 05/07/2021. 
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