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ABSTRACT

The bacterium, Pseudomonas aeruginosa, and the fungus, Candida albicans,
commonly co-infect the lungs of Cystic Fibrosis patients, and the surfaces of surgical
and burn wounds. Both species form extensive, structured biofilms on the surfaces of
mucosa and medical devices. The main objective of this research was to determine
whether P. aeruginosa—C. albicans biofilm interactions impact antimicrobial tolerance.
Antimicrobial susceptibilities of single- and dual-species biofilms were investigated
using an in vitro biofilm assay, and biofilms were visualised using a range of
microscopy techniques. Dual-species RNA sequencing of biofilm cells revealed
transcriptional changes during P. aeruginosa—C. albicans biofilm interactions. The
data show that C. albicans protects P. aeruginosa biofilm cells from the effects of
meropenem. We propose that this protection is likely mediated by fungal extracellular
matrix polysaccharides, specifically mannan and R-glucan, and potentially also via
adhesion of P. aeruginosa cells to C. albicans hyphae. Conversely, P. aeruginosa
potentiates the activity of amphotericin B against C. albicans biofilm cells. With support
from the dual-species transcriptomic data, we propose that this occurs as a result of
P. aeruginosa secreted phenazines, which lead to oxidative stress in C. albicans cells.
These findings have direct clinical implications for the treatment of co-infected

patients.
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1 INTRODUCTION

1.1 ANTIMICROBIAL RESISTANCE — A GLOBAL CHALLENGE

The incidence of antimicrobial resistance (AMR) in pathogens that are important
to human health has seen an inexorable increase since the first antibiotic, penicillin,
was launched in the 1940s (Hutchings et al., 2019). No new classes of antibiotic have
been discovered since the 1980s. In 2016, the O’Neill report on AMR was released,
which estimates that 10 million deaths per year will be attributed to drug-resistant
infections by the year 2050 (O’Neill, 2016), unless steps are taken to address the
problem. However, this prediction has been criticised by some as unreliable and
sensationalist, as it was modelled using uncertain estimates of the current global
burden of AMR, and was based on the assumption that all infections will be drug-
resistant by 2050, which is unlikely to be the case (de Kraker et al., 2016). Some of
the next steps suggested in the O’Neill report include: increasing public awareness of
AMR; reducing unnecessary use of existing antimicrobials; improving global
surveillance of drug resistance and antimicrobial consumption; and promoting the
development of new rapid diagnostic technologies, and alternatives to antibiotics
(O’Neill, 2016). Also in 2016, the World Health Organisation (WHO) released a global
priority pathogens list, identifying the antibiotic-resistant bacteria against which
research and development of new therapeutics is most urgently needed, excluding
Mycobacterium tuberculosis, which is already considered a global priority (World
Health Organisation, 2017). The list was split into three tiers of priority: critical, high
and medium (Table 1.1). Although the report focused on bacteria, the fungus Candida

auris recently became the first fungal pathogen to be considered a global health threat



(Mahmoudi et al., 2019). Drug-resistant C. auris has now been added to the “urgent
threats” list by the Centers for Disease Control and Prevention (CDC) in the USA,
whilst drug-resistant Candida are considered a “serious threat” (Centers for Disease

Control and Prevention, 2019).

Table 1.1. The WHO global priority pathogens list. The antibiotic-resistant bacteria
for which the research & development of new and effective antibiotic treatments is a
priority (World Health Organisation, 2017).

Pr:;_ci);:ty Bacterial species Antibiotic resistance profile
Acinetobacter baumannii Carbapenem-resistant
1. Pseudomonas aeruginosa Carbapenem-resistant
CRITICAL . Carbapenem-resistant;
Enterobacteriaceae rd . . :
3" generation cephalosporin-resistant
Enterococcus faecium VVancomycin-resistant
StaphvIococcus aureus Methicillin-resistant;
Py Vancomycin intermediate and resistant
2, Helicobacter pylori Clarithromycin-resistant
HIGH Campylobacter Fluoroquinolone-resistant
Salmonella spp. Fluoroquinolone-resistant
. . Fluoroquinolone-resistant;
Neisseria gonorrhoeae rd . . .
3" generation cephalosporin-resistant
3 Streptococcus pneumoniae Penicillin-non-susceptible
] Haemophilus influenzae Ampicillin-resistant
MEDIUM : . .
Shigella spp. Fluoroquinolone-resistant




1.2 PSEUDOMONAS AERUGINOSA

Pseudomonas aeruginosa is an opportunistic, Gram-negative, bacterial pathogen
that infects a large range of hosts, including humans, mice, nematodes, insects, plants
and amoebae (Feinbaum et al., 2012). P. aeruginosa can also survive in abiotic
environments, such as in water and soil, and on surfaces within hospitals (Feinbaum
et al., 2012). In humans, P. aeruginosa causes disease in cases of epithelial damage
or immunocompromised patients, affecting a variety of sites within the body. Infection
sites include surgical and burn wounds, skin and soft tissues, the cornea, the brain,
the heart, the bloodstream and the respiratory tract (Dubern et al., 2015). P.
aeruginosa causes both acute and chronic infections, depending on the site of infection

(Feinbaum et al., 2012).

1.2.1 Clinical importance

Prior to the 1980s, P. aeruginosa was mainly associated with the infection of burn
wounds, but it has now become a major nosocomial pathogen, accounting for around
10% of all hospital-acquired infections worldwide (Chatterjee et al., 2016). P.
aeruginosa is also a key pathogen of Cystic Fibrosis (CF) patients, many of whom are
thought to become infected by P. aeruginosa within the first three years of life, with
70-80% becoming chronically infected by their teenage years (Lyczak et al., 2002).
CF is caused by a mutation affecting the function of the CFTR (Cystic Fibrosis
Transmembrane conductance Regulator) protein, thus preventing the efficient
movement of chloride ions out of epithelial cells, resulting in dehydration and thickening
of the mucus layer lining these cells (La Rosa et al., 2019). Thick mucus is not easily

moved by the beating of cilia, so provides an ideal environment for microbes to cause



chronic infection. Consequently, CF patients receive long-term antibiotic treatment;
however, this promotes the development of increased resistance to antibiotics

amongst CF lung microbes (Davies and Davies, 2010).

1.2.2 Pathogenesis and virulence mechanisms

Whether P. aeruginosa infection is acute or chronic has a significant impact
upon disease prognosis and treatment options. An acute infection, such as a burn
wound infection, can quickly become systemic via the bloodstream and can cause
death in a matter of days. However, chronic infections, such as in CF lungs, resist
clearance efforts by both immune responses and antibiotic treatment, and can persist
for years (Crousilles et al., 2015). In cases where P. aeruginosa causes chronic
infection, isolated strains exhibit greater resistance to antibiotics (e.g. tobramycin,
meropenem and ciprofloxacin), relative to strains isolated from acute infection sites.
This effect is also correlated with mode of growth; biofilm cells are more resistant to
antibiotics than planktonic cells (Sherrard et al., 2014). The versatility of P. aeruginosa
is due, in large part, to its substantive arsenal of secreted virulence factors and the
presence of at least six different types of secretion system (Crousilles et al., 2015,

Jurado-Martin et al., 2021).

1.2.2.1 Quorum sensing

Many P. aeruginosa virulence factors are regulated by quorum sensing (QS),
which refers to signalling pathways that govern microbial group behaviours via cell-
cell communication. The P. aeruginosa QS signal molecules are of two types: N-acyl-

L-homoserine lactones (AHLs) and alkyl quinolones (AQs) (Jakobsen et al., 2013,



Chatterjee et al., 2020). All P. aeruginosa cells secrete these signal molecules, also
known as autoinducers (Als), at a basal level, when the bacterial population size
increases, the Al concentrations exceed a threshold level and activate specific
transcriptional regulators, which in turn regulate the transcription of specific sets of
genes (Chatterjee et al., 2020, Thi et al., 2020). In the early exponential phase of P.
aeruginosa growth, QS signalling cascades are activated by two AHLs: Las (30-Cq2-
HSL, N-3-oxo-dodecanoyl-L-homoserine lactone) and Rhl (C4-HSL, N-butyryl-L-
homoserine lactone). Las and Rhl bind and activate the transcriptional regulators,
LasR and RhIR, respectively. LasR induces transcription of /as/, which encodes a
synthase for further production of Las, whilst RhIR induces transcription of rhll, which
encodes the synthase for further production of Rhl. LasR is also able to induce
transcription of the rhIR gene, connecting the two signalling cascades (Thi et al., 2020,
Chatterjee et al., 2020). A third P. aeruginosa QS system is associated with the late
exponential phase of growth and with iron limitation (Thi et al., 2020); it involves the
AQ autoinducer molecule, PQS (Pseudomonas quinolone signal, 2-heptyl-3-hydroxy-
4-quinolone). PQS binds to the PqsR transcriptional regulator, which activates
transcription of pqgsABCDEH genes, increasing production of PQS. PgsR production
is activated by LasR, but inhibited by RhIR; meanwhile, PgsR can activate production
of RhIR, thus interconnecting all three P. aeruginosa QS systems (Thi et al., 2020,
Chatterjee et al., 2020). A fourth QS system was recently proposed, called 1QS (2-(2-
hydroxyphenyl)-thiazole-4-carbaldehyde), but the candidate molecule was
subsequently shown to be an aeruginaldehyde, which is a by-product in the
biosynthetic pathway of the siderophore, pyochelin (Thi et al., 2020, Chatterjee et al.,

2020).



The sets of genes that are regulated by the QS transcriptional regulators, Las, Rhl and
PQS, include numerous virulence factors and, consequently, QS mutants exhibit vastly
reduced levels of virulence in vivo (Crousilles et al., 2015). Gene products regulated
by QS include siderophores, phenazines, proteases, lipases, exotoxins, rhamnolipids,
exoenzymes, exopolysaccharides, hydrogen cyanide and lectins (Thi et al., 2020,
Chatterjee et al., 2020, Jakobsen et al., 2013). In fact, it is thought that the expression
of approximately 4—6% of all P. aeruginosa genes is regulated by QS (Jakobsen et al.,

2013).

1.2.2.2 Siderophores

Siderophores are small molecules that can chelate free iron from the
environment (Figure 1.1). P. aeruginosa produces two siderophores: pyoverdine and
pyochelin. Pyoverdine is the major siderophore, and is essential for P. aeruginosa
colonisation of the CF lung (O'Brien and Fothergill, 2017). Pyochelin is structurally
different to pyoverdine, and is thought to be the siderophore with the lowest molecular
weight of all known bacterial or fungal siderophores (Chatterjee et al., 2020). Pyochelin
is thought to have high affinity for zinc, as well as iron, and potentially plays a role in

inducing oxidative stress within host cells (Chatterjee et al., 2020).

1.2.2.3 Phenazines
Phenazines are small cyclic molecules, which produce pigments and are redox-
active. The P. aeruginosa phenazine biosynthetic genes are regulated by QS (Higgins

et al., 2018). P. aeruginosa produces four main phenazines: phenazine-1-carboxylic



acid (PCA), pyocyanin (PYO), phenazine-1-carboxamide (PCN) and 1-
hydroxyphenazine (1-HP). A fifth, less stable phenazine molecule is also made as an
intermediate product, called 5-methyl phenazine-1-carboxylic acid betaine (SMPCA)
(Mavrodi et al., 2001). PCA is the predominant phenazine produced by clinical isolates
of P. aeruginosa, and the concentrations of PYO in CF sputum can be as high as 135
MM (Chatterjee et al., 2020). Phenazine molecules can diffuse across cell membranes
of host cells or competing microbes and disrupt intracellular electron flow; for example,
in eukaryotic cells, phenazines disrupt oxidative phosphorylation at the mitochondrial
inner membrane, leading to the generation of intracellular reactive oxygen species
(ROS) and reactive nitrogen species (RNS), resulting in oxidative damage (Figure 1.1)

(Chatterjee et al., 2020).

1.2.2.4 Exotoxins and exoenzymes

Among the many secreted virulence factors produced by P. aeruginosa are
exotoxins A, S, T, U and Y (Figure 1.1). Exotoxin A inhibits host cell protein synthesis,
making it one of the most toxic of all the P. aeruginosa virulence factors (Chatterjee et
al.,, 2016, Michalska and Wolf, 2015). Exotoxin U is also highly potent, with
phospholipase activity, which causes damage to host cell membranes, leading to cell
death (Sato and Frank, 2004). Exotoxins S, T and Y affect the actin cytoskeleton of
host cells, which can disrupt phagocytic activity and affect host invasion dynamics

(Engel and Balachandran, 2009).

P. aeruginosa secretes several proteases (Figure 1.1), including alkaline protease

(AprA), which inhibits host immune system functions, such as phagocytosis and the



activation of the complement pathway (Chatterjee et al., 2016). Protease IV (PrpL) can
cleave a number of immunologically important proteins, including immunoglobulins,
complement proteins and fibrinogen (Engel et al, 1998). LasA is a zinc
metalloprotease and LasB is an elastase, which breaks down elastin and leads to host
tissue damage (Chatterjee et al., 2020). P. aeruginosa secretes three types of
phospholipase C; one with haemolytic activity (PlcH) and two without (PIcN and PlcB)
(Filloux, 2011). Inhibition of the haemolytic phospholipase C can protect lung function
in a mouse model of lung infection (Wargo et al., 2011), demonstrating its importance

in P. aeruginosa infections of the lung.

1.2.2.5 Secretion systems

Six P. aeruginosa secretion systems are currently described, with roles in
delivering virulence factors to extracellular spaces or directly into neighbouring cells
(Chatterjee et al., 2020). The type | secretion system (T1SS) secretes AprA and the
heme acquisition protein, HasAp (Chatterjee et al., 2020, Filloux, 2011). Among the
proteins secreted by the type Il secretion system (T2SS) are ExoA, LasA, LasB, PIcH,
PIcN, PIcB, lipases (LipA and LipB) and chitin-binding protein (CbpD) (Chatterjee et
al., 2020, Filloux, 2011). The type lll secretion system (T3SS) is responsible for
secretion of Exotoxins S, T, U and Y (Filloux, 2011). Unlike the others, the type IV
secretion system (T4SS) is not thought be involved in the secretion of virulence factors,
but is associated with horizontal gene transfer (Chatterjee et al., 2020). The type V
secretion system (T5SS) secretes an esterase (EstA) that is involved in rhamnolipid
production, as well as adhesins (Filloux, 2011), indicating important roles in biofilm

formation and cell adhesion (Chatterjee et al., 2020). The proteins that make up the



type VI secretion system (T6SS) machinery are encoded by three different gene
clusters, called haemolysin co-regulated protein (Hcp) secretionislands I, [ and Il (H1-
T6SS, H2-T6SS and H3-T6SS) (Filloux, 2011). The T6SS is associated with P.
aeruginosa virulence and communication with neighbouring bacterial cells (Chatterjee
et al., 2020). The genes encoding T6SS proteins are more highly expressed in biofilm
cells than planktonic cells (Chen et al., 2020), suggesting a role for this secretion

system in biofilm formation.



Efflux
OprD| pumps

Flagellum
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o
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Figure 1.1. Virulence factors and antibiotic resistance mechanisms of
Pseudomonas aeruginosa. Virulence factors produced by P. aeruginosa include
proteases (LasA, LasB, AprA and PrpL), exotoxins (A, S, T, U and Y), phospholipase
C, siderophores (pyoverdine and pyochelin), and phenazines (e.g. pyocyanin). Factors
that promote cell-cell adhesion include pili and lectins (LecA and LecB), while the
exopolysaccharide alginate aids in immune evasion. P. aeruginosa antibiotic
resistance mechanisms include the secretion of R-lactamase enzymes, reduced
production of the OprD porin, upregulation of efflux pump genes, and mutations in the
genes encoding DNA gyrase (gyrA) and topoisomerase |V (parC). Based on work by
Chatterjee et al. (2016). Figure created with BioRender.com.
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1.2.3 Antibiotic resistance

Many strains of P. aeruginosa have become resistant to most classes of
antibiotic over the past few decades (Dubern et al., 2015). The World Health
Organisation lists carbapenem-resistant P. aeruginosa as a “critical priority pathogen”
for which the research and development of antibiotics is urgently required (World
Health Organisation, 2017). The antibiotic resistance mechanisms employed by P.

aeruginosa are numerous and varied (Figure 1.1).

|. Beta-lactamase enzymes

Some P. aeruginosa strains produce their own R-lactamase enzymes, including
extended-spectrum R-lactamases (ESBLs) and metallo-R-lactamases, whilst other
strains acquire genes encoding R-lactamase enzymes via horizontal gene transfer.
The R-lactamase enzymes TEM, OXA and PSE can confer resistance to carbapenems
and some cephalosporins, such as ceftazidime (Chatterjee et al., 2016, Rodriguez-

Martinez et al., 2009).

Il. Efflux pumps

Resistance to R-lactam antibiotics is also provided by efflux pumps in P. aeruginosa,
which act to remove the antibiotic molecules from within cells (Figure 1.1).
Upregulation of genes encoding the MexAB-OprM pump increases resistance to
aminoglycosides, carbapenems and cephalosporins (Fusté et al, 2013), whilst
increased production of MexEF-OprN and MexCD-OprJ pumps increases resistance

to fluoroquinolones (Chatterjee et al., 2016).
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lll. Reduced outer membrane permeability

The high levels of AMR in P. aeruginosa are often explained by reduced outer
membrane permeability, as P. aeruginosa does not contain any general diffusion
porins, unlike many other bacterial species (Fusté et al., 2013). Membrane
permeability is further reduced by downregulation of expression of the oprD porin gene,
which can confer resistance to imipenem, or inactivation of the OprD porin protein,
which reduces the effectiveness of meropenem. This is because the OprD porin acts
as a route through which these carbapenem antibiotics enter P. aeruginosa cells
(Figure 1.1) (Chatterjee et al., 2016, Fusté et al., 2013, Rodriguez-Martinez et al.,

2009).

IV. Resistance mutations

Finally, mutations in the gyrA gene, encoding DNA gyrase, and the parC gene,
encoding topoisomerase |V, give rise to quinolone resistance (Figure 1.1) (Fusteé et al.,
2013). Despite being a last-resort antibiotic, due to its toxicity, colistin is the only drug
with which the most resistant strains of P. aeruginosa can be treated, when
carbapenems fail (Chatterjee et al., 2016). This is of clinical importance because
around 45% of CF patients are colonised with multi-drug resistant (MDR) strains of P.
aeruginosa, which are correlated with a greater decline in lung function when

compared to patients infected by more susceptible strains (Sherrard et al., 2014).

1.2.3.1 Meropenem
Of the various classes of 3-lactam antibiotics, carbapenems are the class with

the highest potency and the broadest spectrum of activity. This is because

12



carbapenems have a high binding affinity for penicillin-binding proteins (PBPs) and are
stable against the action of [-lactamase enzymes (Papp-Wallace et al., 2011).
Carbapenems cannot easily diffuse through bacterial cell walls, but enter through
outer-membrane porins, after which the drug traverses the periplasm, binding and
inhibiting the peptidase domain of PBPs. This results in weakening of peptidoglycan
structure, eventually leading to bacterial cell death via osmotic lysis (Papp-Wallace et
al., 2011). The carbapenem meropenem is the first-line antibiotic for the treatment of
P. aeruginosa infections in the CF lung, for which it is often combined with tobramycin

(Cystic Fibrosis Trust, 2009).

The main ways in which P. aeruginosa resistance to meropenem can arise are via loss
of the OprD outer-membrane porin, upregulation of the MexAB-OprM efflux pump, or
acquisition of carbapenemase-encoding genes through horizontal gene transfer
(Botelho et al., 2019, Fusté et al.,, 2013). P. aeruginosa also has chromosomally-
encoded 3-lactamase enzymes, which are overproduced when biofilm cells are treated
with 3-lactam antibiotics (Hgiby et al., 2010). Loss of OprD results in a 4— to 32—fold
increase in resistance to meropenem (Fowler and Hanson, 2014). As well as
mutations, inactivation of the oprD porin gene can also be caused by the transposition
of insertion sequence (IS) elements into the oprD gene or its promoter region (Fowler
and Hanson, 2014). The MexAB-OprM efflux pump belongs to the resistance-
nodulation-division (RND) superfamily of efflux pumps. In P. aeruginosa, upregulation
of efflux is caused by mutations in genes encoding transcriptional regulatory proteins
(Papp-Wallace et al., 2011). An additional mechanism associated with increased

resistance to meropenem is downregulation of PBP production, through mutations in
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the genes encoding these proteins (Rodriguez-Martinez et al., 2009, Lopez-Causapé
et al., 2017). The mechanisms leading to meropenem resistance in P. aeruginosa are
frequently multifactorial, involving a combination of these (Rodriguez-Martinez et al.,

2009).

The acquisition of carbapenem-resistant P. aeruginosa in hospitals is associated with
admission to ICU (intensive care unit) or prior antibiotic use, specifically piperacillin-
tazobactam, vancomycin or carbapenems (Raman et al., 2018). In ICUs, the
prevalence of carbapenem-resistance in P. aeruginosa isolates can be as high as
27.7% (Botelho et al., 2019), presenting a major treatment challenge. Furthermore, 3-
lactam-resistant strains of P. aeruginosa are frequently found in the CF lung (Haiby et

al., 2010).

1.2.4 Biofilms

Biofilms are structured communities of microbial cells, which are ensnared within a
matrix of extracellular polymeric substances (EPS), including polysaccharides,
proteins, extracellular DNA (eDNA) and lipids (Lindsay and Hogan, 2014). It is thought
that 80% of all microbial infections in humans are biofilm-related (Lohse et al., 2018,
Van Acker et al., 2014, Rodrigues et al., 2019). Biofilms can be formed by both bacteria
and fungi on the surfaces of infected tissue, including the oral cavity, the vulvovaginal
region, the gastrointestinal tract, the lungs, on burn wounds, and on the surfaces of

medical devices, such as catheters (Lohse et al., 2018).
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The process of biofilm formation is similar across kingdoms and can be viewed as
cyclical. Cells first adhere to a substrate and initiate biofilm formation. The cells then
proliferate to form a mature biofilm that is encased within secreted extracellular matrix
(ECM) material. Some cells are then able to disperse from the biofilm and seed new
infection sites (Lohse et al., 2018). The initial attachment stage is reversible until ECM
components (polysaccharides, proteins, eDNA) are produced, which provide structural

support to form a firmer attachment to the substrate (Van Acker et al., 2014).

1.2.4.1 Pseudomonas aeruginosa biofilm composition

P. aeruginosa biofiims have been studied extensively, due to their clinical
impact; biofilm formation is the most important survival strategy of P. aeruginosa in the
CF lung (Hgiby et al., 2010). The initial attachment of P. aeruginosa cells to a substrate
is mediated by surface structures, such as pili and flagella, proteins, such as the
lectins, LecA and LecB (Figure 1.1), and extracellular polysaccharides.
Polysaccharides are the key components during the development and growth of P.
aeruginosa biofilms, whilst extracellular DNA is important for providing structural

stability to the mature biofilm matrix (Mann and Wozniak, 2012).

Alginate is an abundant polysaccharide in P. aeruginosa biofilms. It provides structural
support to the biofilm matrix, due to the rigidity provided by numerous B3-1,3 and 3-1,4
bonds between the L-guluronic and D-mannuronic acid monomers. Overproduction of
alginate, mediated by mutation of mucA, is frequently observed in P. aeruginosa biofilm
cells isolated from CF lungs, giving these strains a mucoid phenotype (Mann and

Wozniak, 2012). Alginate’s ability to sequester reactive oxygen species enables
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mucoid P. aeruginosa strains from resisting phagocytosis by host immune cells (Figure
1.1), promoting persistent infection (Haiby et al., 2010). Therefore, overproduction of
alginate provides a selective advantage to P. aeruginosa cells in a CF lung

environment.

However, alginate is not essential for P. aeruginosa biofilm formation; in non-mucoid
strains, the polysaccharides Psl (polysaccharide synthesis locus) and Pel (pellicle
formation) play key roles in biofilm formation and matrix structural integrity (Jennings
et al., 2015). Both Psl and Pel can be cell-associated or secreted into the biofilm ECM.
Psl is an uncharged polysaccharide, which comprises pentasaccharide monomers
composed of D-mannose, L-rhamnose and D-glucose molecules in a 3:1:1 ratio (Mann
and Wozniak, 2012, Passos da Silva et al., 2019). The structure of Pel is currently
undefined, but it is known to be cationic, and composed of N-acetylgalactosamine and
N-acetylglucosamine, joined by 1,4-glycosidic bonds (Jennings et al., 2015). P.
aeruginosa PA14 strains are unable to produce Psl, so Pel is the most abundant
polysaccharide. Conversely, in PAO1 strains, Psl is the main polysaccharide, though
some Pel is produced too, and both promote cell-cell adhesion and structural stability
of the ECM. There are also P. aeruginosa strains called rugose small colony variants
(RSCVs), which overproduce both Psl and Pel, and show enhanced adherence and
aggregation. RSCVs are frequently isolated from biofilms, both in vitro and in vivo

(Mann and Wozniak, 2012, Jennings et al., 2015).

Both Pel and Psl interact with other molecules to enhance the stability of the P.

aeruginosa biofilm matrix. Extracellular DNA (eDNA) is released into the P. aeruginosa
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biofilm matrix from cells that have undergone programmed cell death. Pel can cross-
link eDNA, via ionic binding enabled by their opposing charges, forming a web-like
structure that provides extra structural support, especially in P. aeruginosa strains that
lack Psl (Jennings et al., 2015). The P. aeruginosa lectin, LecB, binds to the mannose
side-chains of Psl, coordinating the localisation of Psl, enhancing cell retention, and

promoting the structural integrity of the biofilm matrix (Passos da Silva et al., 2019).

Other P. aeruginosa biofilm matrix components include cyclic [-glucans,
lipopolysaccharides (LPS), outer membrane vesicles (OMVs), proteins, and
rhamnolipids. Rhamnolipids are glycolipid biosurfactants (biological surface-active
agents) composed of L-rhamnose and R-hydroxydecanoic acid, which can induce a
destabilising effect on the cell membranes of neighbouring cells (Mann and Wozniak,
2012, Chatterjee et al., 2020). They are produced at a mature stage of P. aeruginosa
biofilm development, under the control of QS signals, and can exist as mono-
rhamnolipids and di-rhamnolipids (Thi et al., 2020, Chatterjee et al., 2020).
Rhamnolipids are thought to play a role in the maintenance of fluid-filled channels
within the biofilm architecture, through disruption of cell-cell and cell-surface
interactions (Davey et al., 2003), as well as facilitating the detachment of P. aeruginosa
cells from mature biofilms (Chatterjee et al., 2020). High concentrations of
rhamnolipids are observed in sputum samples from CF patients with chronic P.
aeruginosa infection, but the significance of rhamnolipid production on disease severity

is unclear (Mann and Wozniak, 2012).
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1.2.4.2 Bacterial biofilm-specific resistance mechanisms

Biofilm cells are generally less susceptible to antimicrobials than planktonic
cells; MICs (minimum inhibitory concentrations) for biofilm cells can be 100 to 1,000%
greater than for planktonic cells (Hill et al., 2005, Mah, 2012). The decreased
susceptibility of biofilms to antimicrobials is due to multifactorial resistance
mechanisms (Figure 1.2), which vary depending on the antimicrobial drug, the
microbial strain and species, the age or stage of the biofilm, and the growth conditions
(Stewart, 2015, Van Acker et al., 2014, Mah, 2012). The mechanisms discussed below

are illustrated by examples from P. aeruginosa biofilms.

Nutrient Intercellular Extracellular
gradient interactions DNA
Efflux
pumps
1
! |
Biofilm-specific
gene expression
Matrix Persister Stress
exopolysaccharides cells responses

Figure 1.2. Biofilm antimicrobial resistance mechanisms. The range of
antimicrobial resistance mechanisms employed by biofilm cells include persister cells,
matrix exopolysaccharides, nutrient gradients, intercellular interactions, stress
responses, efflux pumps, biofilm-specific gene expression and extracellular DNA.
Based on work by Hall and Mah (2017). Figure created with BioRender.com.
l. Persister cells

The cells that remain after antimicrobial treatment are known as persister cells,

which are dormant cells with little or no metabolic activity and which therefore have
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inactive drug targets (Mah, 2012). Persister cells can be found in both planktonic and

biofilm cultures for the majority of bacterial species (LaFleur et al., 2006).

Another mechanism by which persister cells have decreased susceptibility to
antimicrobials is by avoiding antimicrobial-induced production of reactive oxygen
species (ROS). The actions of some antibiotics are enhanced by the induction of lethal
levels of ROS (Dwyer et al., 2015); this is a result of hyperactivation of the electron
transport chain, which stimulates superoxide production, resulting in damage to iron-
sulphur (Fe-S) clusters within proteins. This occurs by oxidation of Fe® to form Fe*,
and the production of hydroxyl radicals (*OH), which can damage DNA and lead to cell
death (Imlay, 2013, Dwyer et al., 2009). In some bacterial species, persister cells can
reduce the production of ROS and *OH, e.g. Burkholderia cenocepacia persister cells
downregulate the TCA (tricarboxylic acid) cycle to achieve this (Hall and Mah, 2017,

Van Acker et al., 2013).

Il. Matrix exopolysaccharides

The idea that antimicrobials generally show poor diffusion through biofilm layers
has decreasing support, as culture conditions and biofilm thickness also both affect
diffusion rate (Hall and Mah, 2017). Fluoroquinolones, such as ofloxacin and
ciprofloxacin, are able to penetrate all layers of P. aeruginosa biofilms (Walters et al.,
2003). Where antibiotics do show poor movement through biofilms, it is actually due to
sequestration rather than poor diffusion rates. In alginate-producing mucoid strains of
P. aeruginosa, aminoglycoside antibiotics, such as gentamicin and tobramycin,

penetrate the biofilm matrix more slowly than 3-lactam antibiotics, due to binding of
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aminoglycosides to alginate in the outer layers of the biofilm (Van Acker et al., 2014).
Both alginate and Psl are overproduced by P. aeruginosa strains isolated from the CF
lung (Rossi et al., 2020). Although Psl is an uncharged molecule, it can provide
resistance to cationic antimicrobial compounds, such as colistin and tobramycin

(Jennings et al., 2015, Beaudoin et al., 2017).

lll. Nutrient gradient

The rate of diffusion of antimicrobials through a biofilm is important because the
cells are not mixing as they would in a planktonic culture, where the mixing action
ensures uniform environmental conditions so that all cells are exposed to the full dose.
Rather, cells deeper within the biofilm may initially get very low exposure to the
antimicrobial, affording them time to mount a defence response (Hall and Mah, 2017,
Jefferson et al., 2005). Biofilm formation results in stratifications (Walters et al., 2003),
whereby different layers have differing levels of oxygen, nutrients, metabolic activity
and growth, thus creating microenvironments (Hall and Mah, 2017, Mah, 2012). This
heterogeneity means that the metabolically active, dividing cells at the upper surface
are more sensitive to antibiotics, relative to cells located more deeply within the biofilm

structure (Flemming and Wingender, 2010, Hill et al., 2005, Walters et al., 2003).

IV. Intercellular interactions

Both lasR and rhIR encode molecules that are essential to P. aeruginosa QS
signalling pathways. When both are knocked out, biofilm cells show increased
resistance to tobramycin (Bjarnsholt et al., 2005). The process of quorum-quenching

involves removal of QS molecules once a biofilm has already established. This is
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necessary because QS mutants form scant biofilms, which are not comparable to wild-
type biofilm structures. Quorum-quenching has demonstrated an increase in biofilm
susceptibility to antibiotics (Hall and Mah, 2017), demonstrating the importance of QS

in biofilm resistance.

Intercellular interactions within biofilms can be intra— or interspecies. As well as QS,
these interactions can also involve transfer of plasmids via conjugation. This is likely
to be more efficient in biofilms than it is in planktonic cultures, due to the cells being
both sessile and in closer proximity during this mode of growth (Savage et al., 2013).
Interactions may also involve the mobilisation of integrons that contain antibiotic
resistance genes, or simply the acquisition of eDNA from the environment (Hall and

Mah, 2017).

V. Stress responses

The stringent response is a highly conserved signalling pathway that enables
bacteria to survive in conditions of nutrient limitation (Hauryliuk et al., 2015). The
stringent response may be responsible for reducing antibiotic-induced oxidative stress
in bacterial biofilm cells, by maintaining high catalase and superoxide dismutase (SOD)
activity; this has been observed in P. aeruginosa in response to nutrient limitation
(Khakimova et al., 2013). This suggests that nutrient supplementation may increase

the susceptibility of biofilm cells to antibiotics (Hall and Mah, 2017).
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VI. Efflux pumps

There are over 12 operons encoding resistance-nodulation division (RND)
pumps within the P. aeruginosa genome, which are implicated in the efflux of a wide
range of antibiotic drugs (Fernandez and Hancock, 2012). Efflux pumps are known to
play a role in planktonic cell resistance to antibiotics, but there is increasing evidence
for a role in biofilm resistance too (Hall and Mah, 2017). Of particular interest is the
heterogeneous expression of the genes encoding the MexAB-OprM and MexCD-OprJ
pumps; they are more highly expressed in cells closer to the outer edges of biofilms
(De Kievit et al., 2001). The P. aeruginosa MexCD-OprJ pump may be a biofilm-
specific defence mechanism against azithromycin; when planktonic and sessile cells
are exposed to azithromycin, mexC is only expressed in the sessile cells, which do not

express it in the absence of the drug (Gillis et al., 2005).

VII. Biofilm-specific gene expression

There is differential expression of genes when cells switch from planktonic to biofilm
growth (Mah, 2012). AmpC is a R-lactamase enzyme that is encoded by the P.
aeruginosa chromosome, and is secreted into the biofilm matrix, preventing antibiotics
from reaching cells within the biofilm (Bagge et al., 2000). Its expression is induced by
the presence of ceftazidime and imipenem. Mature biofilms show increased resistance
to ceftazidime and meropenem compared to younger ones, which may be due to the

accumulation of 3-lactamase over time, in the biofilm matrix (Bowler et al., 2012).

The ndvB gene in P. aeruginosa encodes the membrane-bound NdvB

glucosyltransferase enzyme. This enzyme catalyses the production of cyclic 3-1,3-
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glucans, which are released into the periplasm or secreted into the biofilm matrix
(Sadovskaya et al., 2010). These glucans contain a negative charge, which allows
them to interact with cationic antibiotics, and they have been observed to bind and
sequester kanamycin in the periplasm (Sadovskaya et al., 2010). Expression of the
ndvB transcript is 20x higher in biofilm cells than in planktonic cells; furthermore, when
the gene is deleted, cells show decreased tolerance to several antibiotics (Beaudoin
et al., 2012). NdvB regulates the expression of over 24 other genes, including ethanol
oxidation genes, which are implicated in tobramycin resistance. When ndvB is knocked
out, these ethanol oxidation genes are downregulated (Beaudoin et al., 2012). Like
ndvB, the ethanol oxidation genes are much more highly expressed in biofilm cells
than in planktonic cells, and their deletion makes biofilm cells 4x more susceptible to
tobramycin, but has no effect on planktonic cells (Beaudoin et al., 2012). However, the
mechanism by which NdvB affects antibiotic tolerance is yet to be elucidated (Hall and

Mah, 2017).

In P. aeruginosa, expression of the briR (biofilm resistance locus regulator) gene,
which encodes a MerR-like transcriptional regulator, leads to biofilm-specific
transcriptional activation of the genes encoding the MexCD-Oprd and MexEF-OprN
efflux pumps (Liao et al., 2013, Liao and Sauer, 2012). Not only does this result in the
increased efflux of antibiotic compounds, but also leads to the leakage of 3-lactamase
enzymes into the periplasm and biofilm matrix, which are therefore able to hydrolyse
R-lactam antibiotics prior to cell entry, thus enhancing biofilm cell survival. The BrIR
protein is present in the P. aeruginosa biofilm proteome, but not in the planktonic

proteome, whilst its transcription levels are also greater in biofilm cells (Southey-Pillig
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et al., 2005, Liao and Sauer, 2012). BrIR binds to cyclic-di-GMP to autoregulate its own
expression. The high levels of cyclic-di-GMP in biofilms could explain why briR
transcription is much greater in biofilms than in planktonic cells (Chambers et al.,
2014). Deletion of briR in P. aeruginosa PAO1 leads to a 4-fold decrease in biofilm
tolerance to tobramycin, but has no effect in planktonic cells (Liao and Sauer, 2012),
presumably through downregulation of efflux pumps in the deletion mutant. The mutant
also shows a 4-fold increase in ndvB gene expression compared to the wild-type strain,
suggesting interaction of these genes within a regulatory pathway (Beaudoin et al.,

2012, Van Acker et al., 2014).

Alongside changes in gene expression when cells switch from a planktonic to a biofilm
mode of growth, the switch may also result in an increased mutation rate. Strains of P.
aeruginosa isolated from CF patients are frequently found to be hypermutable and
possess defective DNA repair mechanisms (Mandsberg et al., 2009). This increased
mutation frequency may be a result of increased oxidative stress within biofilms (Boles

and Singh, 2008).

VIIl. Extracellular DNA

Extracellular DNA within a biofilm matrix may be endogenous or exogenous in
origin. Endogenously, it can be released through QS cascades, via OMVs, or by lysis
of some biofilm cells (Jakubovics et al., 2013). Exogenous eDNA can be incorporated
into the biofilm matrix from other species and is implicated in horizontal gene transfer
within biofilms (Bae et al., 2014, Chiang et al., 2013). The negative charge of eDNA

means that it can sequester positively-charged antibiotics, such as tobramycin,
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impeding their ability to penetrate the biofilm matrix and reach cells (Chiang et al.,
2013). eDNA can also chelate positively-charged ions, such as Mg?*, reducing their
levels and availability for assimilation into biofilm cells (Mulcahy et al., 2008). The
eDNA in P. aeruginosa biofilms can bind to the phenazines, PYO and PCN, helping to
retain these phenazine molecules within the biofilm so that they can act as extracellular

electron shuttles that aid biofilm cell metabolism (Saunders et al., 2020).

25



1.3 CANDIDA SPECIES

The most prevalent opportunistic fungi affecting human health are members of
the Candida genus, with Candida albicans being the most frequently isolated species
worldwide, with a 63.8% isolation frequency amongst Candida isolates (Papon et al.,
2013, Sharma et al., 2019). Infections caused by Candida species predominantly affect
hosts with impaired immunity (e.g. AIDS, organ transplants, chemotherapy,
immunosuppressant therapy), and can be superficial (cutaneous or mucosal) or
systemic (bloodstream infection) (Papon et al, 2013, Nishimoto et al., 2019).
Alongside C. albicans, Candida species of clinical importance include Candida
glabrata (11.3% isolation frequency), Candida tropicalis (7.2%), Candida parapsilosis
(6.0%) and Candida krusei (2.4%), whilst species of lower prominence include Candida
guilliermondii (0.7%), Candida lusitaniae (0.6%) and Candida dubliniensis (0.1%)
(Papon et al., 2013). More recently, Candida auris has been named an emerging
pathogen, due to high-profile cases of multidrug-resistant strains being isolated

(Sharma et al., 2019).

Some Candida species are polymorphic, with the ability to switch between different
morphologies, such as yeast and hyphae. The only species able to form true hyphae
(in which segments share cytoplasmic content) are C. albicans and C. dubliniensis,
whilst C. tropicalis can form hyphae only under specific growth conditions, but readily
forms pseudohyphae (in which segments are truly septate) (Papon et al., 2013,
Whibley and Gaffen, 2015). Pseudohyphae can also be formed by C. parapsilosis and,

under some conditions, C. krusei (Sharma et al., 2019). The ability of these Candida
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species to switch morphologies is linked to their virulence and can have an impact on

their antifungal drug susceptibility (Sharma et al., 2019).

1.3.1 Candida albicans — clinical importance

Candida albicans is a highly polymorphic, saccharomycete fungus, exhibiting up to
nine different growth morphologies (Gow and Yadav, 2017, Noble et al., 2017). C.
albicans is a commensal of humans, existing asymptomatically in the gut, the female
reproductive tract, the mouth or on the skin of healthy individuals (Lohse et al., 2018).
However, changes in the host environment, such as use of antibiotics or
immunosuppressants, can result in a switch to pathogenicity. Localised infections are
mainly dermal or mucosal, but dissemination of C. albicans can result in fatal
bloodstream infections with a mortality rate exceeding 40%—60% (Lohse et al., 2018,
Nishimoto et al., 2019). In the CF lung, Candida and Aspergillus are the most prevalent
fungal genera, with C. albicans, C. dubliniensis and C. parapsilosis the most frequently
isolated Candida species (Azzam et al., 2019). In one study, the frequency with which
C. albicans was isolated from the lungs of CF patients was 75.5% (Bakare et al., 2003),
making it the most frequently isolated fungal species from the CF lung. However, the
detection and isolation of Candida species from the CF lung is not routinely performed

(Haiko et al., 2019), so the prevalence may be even greater.

1.3.2 Candida albicans — pathogenesis and virulence mechanisms
The most prevalent localised C. albicans infections are oral candidiasis and
vulvovaginal candidiasis (VVC) (Mayer et al., 2013). Oral candidiasis is most common

in people with HIV, whilst VVC is thought to affect around 75% of all women at some
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point during their lifetime (Mayer et al., 2013). The success of C. albicans as an
infectious agent is due to a host of virulence factors and the ability to adapt to different

niches.

1.3.2.1 Polymorphism

C. albicans cells can exhibit numerous morphologies, including yeast cells,
pseudohyphae, hyphae, white cells, opaque cells and chlamydospores (spore-like
cells with thick cell walls) (Mayer et al., 2013). The transition from one morphology to
another is induced by environmental factors; for example, the induction of hyphal
growth is associated with alkaline pH, nutrient starvation, increased CO; levels,
temperatures above 37°C, and surface contact (Mayer et al., 2013, Talapko et al.,
2021). The switch from white to opaque cells is associated with increased
pathogenicity (Figure 1.3) (Mayer et al., 2013, Talapko et al., 2021). The C. albicans
cell wall is composed of an inner layer of chitin and 3-glucans, and an outer layer of
proteins that are heavily glycosylated with mannans (Gow et al., 2012). The cell wall
protects fungal cells from stressors, such as osmotic stress and temperature changes,
as well as playing a crucial role in host immune responses (Talapko et al., 2021).
Different C. albicans morphologies have altered cell wall structures; for example,
hyphal cells have much higher levels of chitin than yeast cells, but lower levels of
exposed 3-glucan, resulting in altered immune responses within hosts (Talapko et al.,
2021, Bojang et al.,, 2021). The yeast morphology is typically associated with the
dissemination of C. albicans within a host, whilst the hyphal morphology is associated
with invasion and penetration of host tissues, so both are important for C. albicans

pathogenicity (Mayer et al., 2013, Talapko et al., 2021).
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Alongside tissue invasion, the formation of hyphae is associated with the upregulation
of expression of genes encoding hypha-associated virulence factors. These include
hyphal wall protein (Hwp1), adhesins, invasins, secreted aspartyl proteases (SAPs),

phospholipases and the candidalysin toxin (Mayer et al., 2013, Talapko et al., 2021,

Bojang et al., 2021).
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Figure 1.3. Selected C. albicans pathogenesis and virulence mechanisms. The
C. albicans yeast-to-hypha transition and white-to-opaque switching are linked to
pathogenicity and altered host immune responses. Upon contact with surfaces, C.
albicans cells overproduce adhesins, such as Hwp1, Als3 and Als5. Invasins, such as
Als3 and Ssa1, lead to induced endocytosis by host cells. Invading hyphae release
secreted hydrolases, such as SAPs (secreted aspartyl proteinases), lipases and
phospholipases, which result in host cell damage. Accumulation of the candidalysin
toxin can lead to host cell lysis. Biofilm formation involves four stages: 1) adherence of
yeast cells to a surface; 2) hyphal growth and ECM production; 3) maturation to form
a complex biofilm structure; and 4) dispersal of yeast cells, which may go on to seed
new infection sites.

1.3.2.2 Adhesins

Adhesins are proteins that enable adherence to host cells or other microbial
cells, or to abiotic surfaces. Hwp1, Als3 and Als5 function as adhesins, enabling C.
albicans cells to adhere to an infection surface (Figure 1.3) (Bojang et al., 2021). Als3
and Als5 are members of a family of eight C. albicans agglutinin-like sequence (ALS)
proteins (Als1-7 and Als9), all of which function as adhesins (Talapko et al., 2021).
The ALS3 gene is of particular interest because its upregulation has been observed

during infection of oral epithelial cells, and in VVC infections (Mayer et al., 2013).

1.3.2.3 Invasins

The invasion of host tissues by C. albicans can be achieved actively, through
hyphal growth and penetration, or passively, by induced endocytosis. Invasins are cell-
surface proteins that bind to ligands on host cell surfaces, thereby inducing the process
of endocytosis. In C. albicans, the two main invasins are Als3 and Ssa1 (Figure 1.3),
the latter of which is a member of the heat shock protein 70 (Hsp70) family of proteins

(Mayer et al., 2013).

30



1.3.2.4 Secreted hydrolases

Once C. albicans cells have adhered to a host cell surface and initiated hyphal
growth, the hyphae secrete hydrolases. There are three classes of C. albicans
secreted hydrolases: I. secreted aspartyl proteinases (SAPs); Il. lipases; and IlIl.

phospholipases (Figure 1.3) (Mayer et al., 2013).

I. Secreted aspartyl proteinases

C. albicans produces a family of ten secreted aspartyl proteinases (SAPs), which are
associated with adherence to host cells and tissues (Naglik et al., 2003). Sap4, Sap5
and Sap6 are particularly associated with the yeast-to-hypha transition, while Sap2 is
the most abundantly produced SAP out of the ten (Naglik et al., 2003). SAPs contribute
to C. albicans virulence by catabolism of a broad range of host proteins, including
mucin and immunoglobulins, thus interfering with the host immune response (Naglik

et al., 2003).

Il. Lipases

A family of ten lipases is produced by C. albicans, of which all except Lip7 are encoded
by genes containing an N-terminal signal sequence for extracellular release of the
gene product (Hube et al., 2000). All ten LIP genes are expressed during the yeast-to-
hypha transition, and these Lip enzymes degrade a broad range of lipid substrates.
Crucially, LIP genes are expressed even when C. albicans is grown in media that lacks
lipids; this suggests that the main role of these lipases is not cellular metabolism, but
virulence and persistence in hosts, as lipids are major constituents of host cell

membranes (Hube et al., 2000).
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lll. Phospholipases

C. albicans produces four families of phospholipases (A-D), as well as a
lysophospholipase and a lysophospholipase-transacylase (Niewerth and Korting,
2001). Phospholipases A-D digest phosphatidylcholines, which are a class of
phospholipids found in the cell membranes of host cells, thus playing a major role in
C. albicans virulence. Class B phospholipases are of particular note in pathogenesis
because, unlike classes A, C and D, they are extracellularly localised (Niewerth and

Korting, 2001).

1.3.2.5 Candidalysin toxin

Candidalysin is the first classical virulence toxin known to be produced by a
fungal pathogen of human hosts (Moyes et al., 2016). It is a cytolytic peptide, which
permeabilises host cell membranes, resulting in epithelial damage and inducing an
epithelial immune response (Moyes et al., 2016). Candidalysin can also result in the
lysis of red blood cells (Naglik et al., 2019). Production of the candidalysin toxin is
unique to invasive C. albicans hyphal cells, making it particularly important in systemic
infections. The induced epithelial response is dose-dependent, being activated only
when the number of hyphae exceeds a particular threshold (Figure 1.3) (Naglik et al.,

2019, Moyes et al., 2016).

Another important C. albicans virulence factor is the ability to form biofilms on biotic

surfaces, such as host epithelial cells or other microbial cells, and on abiotic surfaces,

such as catheters, dentures and prostheses.

32



1.3.3 Candida albicans biofilms

C. albicans biofilm formation is initiated by the adherence of yeast cells to a
surface. The yeast cells grow and multiply, forming layers. Hyphal cells proliferate in
the upper layers of the biofilm, and the cells release extracellular matrix (ECM) material
that encases the mature biofilm (Figure 1.3) (Lohse et al., 2018, Mayer et al., 2013).
The C. albicans biofim ECM is composed of glycoproteins (55%), carbohydrates
(25%), lipids (15%) and nucleic acids (5%) (Zarnowski et al., 2014, Lohse et al., 2018).
The most abundant types of carbohydrate in the ECM are mannans, which are often
found in association with [3-1,6-glucans, while R-1,3-glucans are present in lower
concentrations (Ponde et al., 2021, Lohse et al., 2018). In a similar manner to bacterial
biofilms, the eDNA found in C. albicans biofilms provides structural stability, but is not
essential for the initial formation of the biofilm (Ponde et al., 2021, Lohse et al., 2018).
Other ECM components are thought to originate from lysed cells, as enzymes found
in the ECM of mature C. albicans biofiims often do not contain a signal peptide,
suggesting they were not secreted (Pereira et al., 2020, Lohse et al., 2018). The final
stage of the C. albicans biofilm cycle is the detachment and dispersion of yeast cells
from the mature biofilm, which can go on to seed new infection sites (Figure 1.3) (Lohse

et al., 2018, Mayer et al., 2013).

1.3.3.1 Fungal biofilm-specific resistance mechanisms

Fungal biofilms exhibit resistance to all classes of antifungal, with azoles being
almost entirely ineffective against them. The high concentrations of antifungal drugs
that are required to kill fungal biofilm cells result in side effects such as damage to the

kidneys or liver (Lohse et al., 2018).
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In fungal biofilms, a wide range of antifungal drugs are known to be sequestered by [3-
1,3-glucans in the biofilm extracellular matrix, meaning that very little of the drug
actually reaches the cells (Van Acker et al., 2014). Furthermore, C. albicans persister
cells are not found in planktonic cultures, but are unique to biofilms (LaFleur et al.,

2006), thus further enhancing the antifungal resistance of C. albicans biofilms.

Similarly to antibiotic-treated bacterial biofilms, upregulation of SOD genes has been
observed when C. albicans biofilm cells are treated with the antifungal drug
miconazole, resulting in decreased ROS levels (Kobayashi et al., 2002). Conversely,
sod4A/sodbA double knockout mutants show increased ROS levels and a resultant
decrease in the number of persister cells (Bink et al., 2011). This indicates that C.

albicans stress responses can influence biofilm antifungal resistance.

In fungi, there are two major classes of efflux pumps; the ATP-binding cassette (ABC)
pumps and the major facilitator superfamily (MFS) transporters (Cannon et al., 2009).
The resistance of C. albicans biofilm cells to azoles is enabled by the upregulation of
genes encoding two ABC pumps, CDR1 and CDRZ2, and an MFS pump, MDR1,
relative to their expression in planktonic cells (Ramage et al., 2002). Mdr1 and Cdr1
are involved in conferring rapid tolerance to biofilm cells, upon attachment to a surface.
This is supported by the observation that fluconazole tolerance is induced very early
on in biofilm formation; the level of tolerance after 24 h remains the same as it was at
2 h, suggesting that attachment to a surface is the factor that induces MDR1 and CDR1

overexpression (Mateus et al., 2004).
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1.3.4 Biofilms of non-albicans Candida species

With the exception of C. glabrata, all of the most prevalent Candida species are
able to form robust biofilms, which exhibit increased tolerance to antifungals, especially
azoles, and are less easily cleared by host defences (Sharma et al., 2019, Cavalheiro
and Teixeira, 2018). Biofilms formed by C. glabrata consist entirely of yeast cells, which
cluster tightly and form multiple layers; C. parapsilosis biofiims are also formed
predominantly from clustered yeast cells (Cavalheiro and Teixeira, 2018). There is
evidence to suggest that the ability to form hyphae or pseudohyphae results in more
robust biofilms, potentially due to filamentous cells expressing a greater number of
adhesion proteins, such as Als3 and Hwp1, which both anchor the biofilm to the

substratum and enable yeast cells to adhere more effectively (Sharma et al., 2019).

The composition of the biofilm extracellular matrix (ECM) varies between different
Candida species (Figure 1.4). The most confluent and heterogeneous biofilms are
formed by C. albicans, and this is the species for which clinical isolates are most able
to form biofilms (Sardi et al., 2013, Cavalheiro and Teixeira, 2018). Biofilms formed by
C. glabrata are much thinner than those formed by C. albicans, but the C. glabrata
ECM contains relatively large quantities of carbohydrates and proteins (431.3 £179.6
and 226 +58.6 mg/g average biofilm dry weight, respectively) (Silva et al., 2009).
Conversely, C. tropicalis biofilms have a low carbohydrate and protein content (24.6
+15.9 and 43.4 +12.7 mg/g average biofilm dry weight, respectively), with hexosamine
as the main carbohydrate (27.4% of total carbohydrate) rather than 3-glucan (Silva et
al., 2009, Cavalheiro and Teixeira, 2018). Instead of ECM material, the majority of the

biomass of C. tropicalis biofilms is attributed to the multiple layers of large yeast-
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shaped cells and hyphae, which form a thick and heterogeneous biofilm structure
(Silva et al., 2009). C. parapsilosis produces very little ECM, which consists mainly of
carbohydrate (611.2 £206.5 mg/g average biofilm dry weight), with very little protein
present (50.9 +21.4 mg/g average biofilm dry weight) (Silva et al., 2009, Cavalheiro
and Teixeira, 2018). Additionally, the architecture of mature biofiims may differ
depending on whether the biofilm has been grown in vitro or in vivo (Dominguez et al.,

2018).

C. albicans C. tropicalis

&

/4

Figure 1.4. Differences in biofilm architecture between different Candida
species. SEM images of fungal biofilms grown for 24 h on coverslips. Arrows indicate
ECM material. Scale bar = 20 ym. SEM images reproduced from Dominguez et al.
(2018).
1.3.5 Antifungals and antifungal resistance

There are three main classes of antifungal drug: azoles, echinocandins and
polyenes. Azoles are most commonly used for the treatment of Candida infections,
with fluconazole as the first-line treatment option. Azoles work by inhibiting the

production of the 14a-lanosterol demethylase protein, which is encoded by the ERG711

gene, and is required for ergosterol biosynthesis (Revie et al., 2018, Nishimoto et al.,
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2019). Ergosterol is important for Candida cell membrane integrity, as it regulates
membrane fluidity and permeability (Rodrigues, 2018). In C. albicans cells, azole
therapy results in ergosterol biosynthesis switching to an alternative pathway, causing
the accumulation of the toxic compound, 14a-methylergosta-8,24(28)-dien-313,6a-diol,

and impairment of cell growth (Nishimoto et al., 2019, Revie et al., 2018).

Rates of resistance to fluconazole are generally low in C. albicans, but high in C.
glabrata. However, azole resistance is becoming more common, especially in strains
isolated from patients on long-term azole therapy (Nishimoto et al., 2019). Mechanisms
of azole resistance include overexpression of the Cdr1, Cdr2 and Mdr1 efflux pumps,
overexpression of the Upc2 transcription factor and resultant upregulation of ERG11
(Revie et al., 2018, Nishimoto et al., 2019), mutations in the ERG11 gene (Vasicek et

al., 2014), aneuploidy, and biofilm formation (Nishimoto et al., 2019).

1.3.5.1 Amphotericin B

Amphotericin B (AmB) is a polyene antifungal drug that was first approved for
use in treating invasive fungal infections in 1957 (Perlin et al., 2017). AmB targets
ergosterol in fungal cell membranes, leading to disintegration of the membrane. For
decades, it has been the gold standard for treatment of systemic fungal infections
(Anderson et al., 2014, Grela et al., 2019). However, AmB is nephrotoxic and
hematotoxic with increasing dosage, with side effects resulting from non-selective
interactions with cholesterol in host cell membranes (Kaminski, 2014). Lipid
formulations (e.g. liposomal AmB) are less toxic, but more costly, so the use of AmB

is not as widespread as that of azoles and echinocandins (Perlin et al., 2017).
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The mechanism of action of AmB is not entirely understood and there are several
proposed models for the interaction between AmB and ergosterol. The most widely
accepted mechanism of action is the ion-channel model, which proposes that AmB
molecules form pores that traverse the phospholipid bilayer of fungal cell membranes.
The pores are stabilised by AmB-ergosterol interactions and result in the leakage of
K" ions and other molecules out of the cell, impairing cellular functions (Kaminski,
2014). A second model proposes that AmB induces the formation of reactive oxygen
species (ROS), such as superoxide (O27), hydrogen peroxide (H,O;), and hydroxyl
radicals ('OH), leading to oxidative cell damage (Kaminski, 2014). The third model is
the surface adsorption model, which proposes that AmB binds and sequesters
ergosterol at the outer surface of the fungal cell membrane, with a perpendicular
orientation relative to the phospholipid molecules. This results in membrane
destabilisation (Kaminski, 2014). Finally, the fourth model is the extramembranous
sterol sponge model, proposing that AmB forms large aggregates on the surfaces of
fungal cell membranes and extracts ergosterol from the phospholipid bilayer
(Kaminski, 2014, Anderson et al., 2014, Perlin et al., 2017). The resultant deficiency of
ergosterol leads to fungal cell death, as certain ergosterol-dependent cellular
processes cannot take place, such as endocytosis, cell division and cell signalling

(Anderson et al., 2014).

Acquired resistance to AmB is not very common (Anderson et al., 2014, Perlin et al.,

2017, Revie et al., 2018). Where it does occur, AmB resistance can arise through a

reduction in the ratio of ergosterol to phospholipid in the fungal cell membrane
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(Kaminski, 2014, Perlin et al., 2017). Furthermore, prior treatment with an azole, which

lowers ergosterol levels, may confer AmB resistance (Perlin et al., 2017).

1.3.6 C. albicans interactions with bacteria
Within human hosts, there are numerous sites at which C. albicans is found to

interact with bacteria, both Gram-positive and Gram-negative.

1.3.6.1 Interactions with Gram-positive bacteria

Amongst the Gram-positives, the species most commonly found to interact with C.
albicans is Staphylococcus aureus; sites of interaction include the skin, medical
devices, the oral cavity and neonatal bloodstream infections (Lohse et al., 2018).
Studies of dual-species biofilms of C. albicans and the S. aureus Newman strain show
that the bacterial cells use the fungal hyphae as a scaffold for biofilm formation. The
biofilm architecture is stabilised by eDNA and provides enhanced tolerance against
the antifungal drug, miconazole (Kean et al., 2017). Synergism between C. albicans
and methicillin-resistant S. aureus (MRSA) has also been observed, resulting in
protection of MRSA from vancomycin treatment, with fungal B-1,3-glucan playing a
role in this protection (Harriott and Noverr, 2009, Kong et al., 2016). Furthermore, in a
mouse peritonitis infection model, sub-lethal doses of C. albicans and S. aureus result
in greater mortality after co-infection than when each infects alone (Peters and Noverr,
2013). Dual-species proteomic analysis of mono- and dual-species biofiims of C.
albicans and S. aureus reveals that a total of 27 proteins were upregulated in both
species when co-cultured. These included proteins involved in growth, metabolism,

stress and enhanced virulence (Peters ef al., 2010).
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On the skin and on medical devices, biofilm interactions are found between C. albicans
and Staphylococcus epidermidis (Lohse et al., 2018). S. epidermidis can adhere to
both yeast and hyphal C. albicans cells in a dual-species catheter biofilm model (Adam
et al., 2002). The dual-species biofilm cells are more tolerant to both fluconazole and
vancomycin, relative to mono-species. The enhanced fluconazole tolerance is
attributed to protection conferred by the extracellular matrix material produced by S.

epidermidis biofilm cells (Adam et al., 2002, Peleg et al., 2010).

Interactions between C. albicans and Streptococcus species, such as S. mutans, S.
oralis or S. gordonii are found in the oral cavity, associated with dental caries and
denture stomatitis (Jarosz et al., 2009, Bamford et al., 2009). S. oralis and S. gordonii
interact with the fungal cell wall adhesins, Als1 and Als3, enabling the formation of
mixed-species biofilms. In contrast, S. mutans secretes a-glucans, which interact with
the C. albicans cell surface via mannoproteins, enabling the formation of mixed biofilms
on surfaces that would not usually be colonised by C. albicans, such as tooth enamel
(Hwang et al., 2017, Ranjan and Dongari-Bagtzoglou, 2018). In an in vitro oral biofilm
model, the presence of Streptococcus sanguinis, Streptococcus gordonii, Actinomyces
odontolyticus and Actinomyces viscosus was linked to increased C. albicans hyphal
formation and upregulation of virulence genes (Morse et al., 2019). The virulence
genes measured in this study were ALS3, EPA1 (epithelial adhesion 1), HWP1, PLD1
and PLD4 (phospholipase D 1 and 4), and SAP4 and SAP6 (Morse et al., 2019).
However, the addition of a fifth bacterial species, Porphyromonas gingivalis, inhibited

hyphal production and downregulated these C. albicans virulence genes (Morse et al.,
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2019). This suggests that, in a mixed biofilm, one species is capable of overriding the

modulatory effects of others.

In the gastrointestinal tract and on medical devices, Enterococcus faecalis interacts
with C. albicans. E. faecalis releases the bacteriocin, EntV, which inhibits hyphal
formation and can disrupt mature C. albicans biofilms, resulting in reduced virulence
in a mouse model (Graham et al., 2017, Nogueira et al., 2019). C. albicans adheres to
E. faecalis cells using the cell wall-associated Sap9, which is important for C. albicans

biofilm formation (Dutton et al., 2016a).

Interactions have also been found between C. albicans and the anaerobic Clostridium
perfringens, which is found in the human gut (Lohse et al., 2018). C. albicans biofilms
provide hypoxic microniches, enabling C. perfringens to proliferate despite an external

aerobic environment (Fox et al., 2014).

1.3.6.2 Interactions with Gram-negative bacteria

The most common sites at which C. albicans interacts with Gram-negative
bacteria include the respiratory tract, the gut, the urinary tract, on the tubing of
mechanical ventilators, and on the surfaces of intravenous or urinary catheters (Lohse
et al., 2018). These bacteria include Escherichia coli, Acinetobacter baumannii,

Burkholderia cenocepacia and Pseudomonas aeruginosa.

Interactions with E. coli are found in the gut, urinary tract, in the bloodstream and on

medical devices. In the urinary tract, C. albicans is unable to attach to the bladder

41



endothelium alone, but is able to do so in the presence of E. coli, which binds to the
mannose in the fungal cell wall, thus facilitating attachment of C. albicans (Levison and
Pitsakis, 1987). Lipopolysaccharides (LPS) from E. coli can enhance biofilm growth of
C. albicans, but this is not the case for other Candida species, such as C. tropicalis, C.
dubliniensis, C. krusei, and C. parapsilosis, for which E. coli inhibits biofilm growth in
the urinary tract (Bandara et al., 2009). The fungal polysaccharide B-1,3-glucan has
been implicated in protecting E. coli biofilm cells from antibiotic-mediated killing. The
presence of C. albicans in a mixed C. albicans—E. coli biofilm resulted in increased
tolerance to ofloxacin, whilst treatment with lyticase, which results in degradation of 3-
1,3-glucan, reduced this tolerance. An E. coli mutant that overexpressed the genes
responsible for 3-1,3-glucan synthesis showed even greater tolerance to ofloxacin (De
Brucker et al., 2015). Additionally, in a mouse peritonitis infection model, co-infection
with C. albicans and E. coli results in higher lethality than when each species infects

alone (Klaerner et al., 1997).

Interactions between C. albicans and A. baumannii are found in cases of ventilator-
associated pneumonia (VAP), bloodstream infections, and in catheters (Lohse et al.,
2018). The interaction is antagonistic, as A. baumannii can kill the filamentous form of
C. albicans by attaching to the hyphae and triggering apoptosis (Gaddy et al., 2009,
Kruger et al., 2019). The attachment of A. baumannii cells to C. albicans hyphae is
mediated by the bacterial outer membrane protein A (OmpA), which is also implicated
in the observed induction of apoptosis (Peleg et al., 2010, Gaddy et al., 2009). If C.
albicans is able to proliferate first and form a mature biofilm, it can inhibit the growth of

A. baumannii via secretion of farnesol, which disrupts bacterial membrane integrity
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(Peleg et al., 2008, Kostoulias et al., 2016). This indicates that the outcome of co-
infection by these two species is dependent on the specific environmental growth

conditions.

Both B. cenocepacia and P. aeruginosa interact with C. albicans in the lung, especially
in cases of Cystic Fibrosis (CF) (Lohse et al., 2018). The B. cenocepacia diffusible
signal factor (BDSF) is structurally similar to the C. albicans QS molecule, farnesol.
BDSF can inhibit C. albicans filamentation (Boon et al., 2008) and adherence of C.
albicans cells to urinary catheters, in an in vitro model (Peleg et al., 2010, Nogueira et
al., 2019). There is an abundance of studies focusing on direct and indirect interactions

between P. aeruginosa and C. albicans.

43



1.4 P. AERUGINOSA AND C. ALBICANS INTERACTIONS

1.4.1 Clinical importance

P. aeruginosa and C. albicans are commonly co-isolated from the sputum of CF
patients (Trejo-Hernandez et al., 2014). CF is characterised by a thickening of the
mucus layer lining the endothelium of the respiratory tract, which provides an ideal
environment for colonisation (Muthig et al., 2010). CF patients are therefore treated
with antibiotics from an early age and over a long period of time. Co-colonisation by P.
aeruginosa and C. albicans can lead to worsening of disease progression. In an in vivo
zebrafish model of mucosal lung infection, C. albicans and P. aeruginosa have been
shown to synergistically enhance virulence and mortality (Bergeron et al., 2017). This
was achieved through increased C. albicans pathogenesis and host inflammation,
when co-infected with P. aeruginosa (Bergeron et al., 2017). Chronic P. aeruginosa
colonisation in the lungs of CF patients has been correlated with increased likelihood
of C. albicans colonisation, suggesting a synergistic interaction that leads to a greater
decline in lung function (Dhamgaye et al., 2016, Gileles-Hillel et al., 2015). Similarly,
persistent C. albicans infection increases the likelihood of P. aeruginosa colonisation
in the CF lung (Chotirmall et al., 2010, Kruger et al., 2019). In a study of 130 patients
with CF and 186 patients with other respiratory disorders, the co-existence of P.
aeruginosa and C. albicans in the sputum of CF patients was more frequent (22.3%
co-isolation frequency) than in the sputum of patients with other respiratory disorders

(11.8%) (Haiko et al., 2019).

P. aeruginosa and C. albicans can both be causative agents of ventilator-associated

pneumonia (VAP), which is caused by microbial colonisation of endotracheal tubing
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and has a mortality rate of 10—40% (Rodrigues et al., 2017). Co-colonisation by P.
aeruginosa and C. albicans occurs in 26% of VAP infections (Bandara et al., 2020b,
Azoulay et al., 2006). Studies have shown that C. albicans colonisation results in
greater susceptibility to pseudomonal VAP and that co-colonisation results in more
severe clinical outcomes (Hamet et al., 2012). This is supported by a clinical study on
patients on mechanical ventilation, in which antifungal treatment reduced the likelihood

of developing P. aeruginosa infections (Nseir et al., 2007).

When P. aeruginosa colonises burns, surgical wounds, and implanted medical devices
(Engel and Balachandran, 2009, Turner et al., 2014), these patients are often prone to
further infections, with C. albicans also capable of opportunistically colonising these

surfaces (Dhamgaye et al., 2016, Dixon and Hall, 2015, Peleg et al., 2010).

1.4.2 Interactions via direct contact

P. aeruginosa can form biofilms on the surfaces of C. albicans hyphae, and was
originally found to be unable to bind to the yeast form of the fungus (Hogan and Kolter,
2002, Brand et al., 2008). However, later work indicates that P. aeruginosa is also able
to bind to yeast cells (Bandara et al., 2010). It is hypothesised that type 1V pili on the
surfaces of P. aeruginosa cells mediate this inter-kingdom interaction by sensing the
fungal surface and then retracting to increase cell-cell proximity (Fourie and Pohl,
2019). On the C. albicans cell surface, O-mannan is implicated in protecting against
killing of fungal cells by P. aeruginosa (Brand et al., 2008). When a mixed-species
biofilm containing C. albicans, P. aeruginosa and S. aureus is established on a wound

model, and treated with antibiotics, or combination antibiotic-fluconazole therapy, the
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biofilm composition alters, but the total cell number remains the same (Townsend et
al., 2017). This implies that the C. albicans hyphae and biofilm ECM provide a scaffold
upon which bacteria, such as P. aeruginosa, can attach to form a polymicrobial biofilm

and that these interspecies interactions increase AMR.

1.4.3 Interactions via secreted metabolites

Alongside physical interactions, P. aeruginosa and C. albicans also
communicate via secreted metabolites. P. aeruginosa LPS molecules reduce the
growth rate and metabolic activity of C. albicans biofilms, and inhibit hyphal
morphogenesis (Figure 1.5) (Bandara et al., 2013). Furthermore, both species produce
quorum sensing molecules. P. aeruginosa can inhibit hyphal growth in C. albicans by
the action of the secreted QS molecule, 30-C1,-HSL (Hogan et al., 2004, McAlester et
al., 2008). This P. aeruginosa QS molecule can also decrease C. albicans sensitivity
to the antifungal, fluconazole, by inducing the upregulation of efflux pump genes and
ergosterol biosynthesis genes (Figure 1.5) (Bandara et al., 2020b). Conversely, the
secretion of C. albicans QS molecule, farnesol, inhibits the Pseudomonas quinolone
signal (PQS), which is responsible for regulating numerous virulence factors (Figure

1.5) (Fourie and Pohl, 2019).

Another group of molecules secreted by P. aeruginosa are phenazines, which are low
molecular weight compounds that are involved in redox reactions, and which can
influence biofilm morphology (Dietrich et al., 2013). Phenazines are associated with
inducing increased levels of toxic ROS in C. albicans (Figure 1.5) (Morales et al.,

2010). When C. albicans cells are exposed to P. aeruginosa phenazines, the fungal
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cells increase production of ethanol (Morales et al., 2013). The P. aeruginosa cells
respond to the higher ethanol levels by increasing phenazine production and promoting
biofilm formation (Figure 1.5). This positive feedback loop of P. aeruginosa phenazine
production in response to C. albicans—derived ethanol levels has been observed on
the surfaces of bronchial epithelial cells (Chen et al., 2014). The implication of this is
increased virulence within hosts when there is co-infection, and reduced clearance

upon antimicrobial treatment.
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Figure 1.5. Selected interactions between P. aeruginosa and C. albicans. P.
aeruginosa secretes LPS (lipopolysaccharides), which inhibit growth, metabolism and
filamentation in C. albicans. P. aeruginosa phenazines induce ROS (reactive oxygen
species) and inhibit filamentation in C. albicans. Exposure to P. aeruginosa phenazines
induces ethanol production in C. albicans cells, which leads to increased phenazine
production and promotion of P. aeruginosa biofilm production. The P. aeruginosa QS
molecule, 30-C12-HSL, inhibits C. albicans filamentation, but induces upregulation of
genes encoding efflux pumps and enzymes of the ergosterol biosynthesis pathway.
The C. albicans QS molecule, farnesol, inhibits the P. aeruginosa QS molecule, PQS

(Pseudomonas quinolone signal). Farnesol also inhibits C. albicans filamentation.
Red lines: inhibition; blue arrows: induction.
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1.5 AIMS OF THIS RESEARCH

While there is an abundance of studies into the physical and chemical
interactions between P. aeruginosa and C. albicans, little is known about how their
interactions in dual-species biofilms impact antimicrobial resistance. Therefore, the
main focus of this study was to determine the impact of dual-species biofilm
interactions on the antibiotic tolerance of P. aeruginosa and the antifungal tolerance of

C. albicans.

The aims of this research were to:

1) Determine the impact of dual-species biofilms on the antibiotic tolerance of P.
aeruginosa.

2) ldentify the transcriptional changes that occur in P. aeruginosa and C. albicans cells,
between mono- and dual-species biofilm growth.

3) Determine the impact of dual-species biofilms on the antifungal tolerance of C.

albicans.
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2 MATERIALS AND METHODS

Parts of this chapter have been previously published:

Alam, F., Catlow, D., Di Maio, A., Blair, J. M. A. and Hall, R. A. (2020) ‘Candida albicans

enhances meropenem tolerance of Pseudomonas aeruginosa in a dual-species

biofilm’, J Antimicrob Chemother, 75(4), pp. 925-935.
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2.1 STRAINS AND GROWTH CONDITIONS

Bacterial species and strains used in this research are listed in Table 2.1, while

fungal species and strains are listed in Table 2.2. P. aeruginosa, A. baumanni, B.

cenocepacia, E. coli and S. aureus strains were maintained on and cultured in Miller

modified LB; Candida strains in yeast extract peptone dextrose (YPD) medium; and E.

faecalis, E. faecium and S. epidermidis strains in brain-heart infusion (BHI) medium.

All strains were grown at 37°C, with aeration at 200 rpm. Antimicrobials (from Sigma-

Aldrich, UK) were used at the following concentrations (ug/mL): meropenem (0, 1, 2.5,

5, 10); ceftazidime (0, 2.5, 5); ofloxacin (0, 0.5); ciprofloxacin (0, 0.05); tobramycin (0O,

2); amphotericin B (0, 0.5, 1, 2, 4, 8); fluconazole (0, 250, 500, 750, 1000).

Table 2.1. Bacterial species and strains used in this research.

Strain Name in text Genotype Reference
Pseudomonas aeruginosa strains
ATCC15692 PAO1 Wild-type ATCC15692

CF (Midlands 1)
CF (Liverpool)
Respiratory
isolate

PAO1

PA14
PA14 phzA

PA14 pvdAA
pCchEA

PA14 phzA
pvdAA pchEA
PA14

CF (Midlands 1) isolate
CF (Liverpool) isolate
Respiratory isolate

PAO1 WT

PAO1 cbpDA
PAO1 chiCA
PA14(1) or PA14
phzA

pvdAA/pchEA
phzAlpvdAAIpchEA
PA14 WT or PA14(2)

PA14 cbpDA
PA14 chiCA

Other bacterial species and strains

AYE
K56-2
DH5a
MG1655
V583

Aus0004
Newman

Acinetobacter baumannii
Burkholderia cenocepacia
Escherichia coli
Escherichia coli
Enterococcus faecalis

Enterococcus faecium
Staphylococcus aureus
Staphylococcus epidermidis

Clinical isolate
Clinical isolate
Clinical isolate

Wild-type

Transposon-insertion knockout of CbpD
Transposon-insertion knockout of ChiC
Clinical isolate UCBPP-PA14, wild-type
Deletions of operons phzA1-G1 and
phzA2-G2

Deletions of pvdA and pchE

Deletions of pvdA, pchE, and operons
phzA1-G1 and phzA2-G2

Wild-type

Transposon-insertion knockout of CbpD
Transposon-insertion knockout of ChiC

Clinical isolate

Clinical isolate — Cystic Fibrosis
Cloning strain, non-virulent

Wild-type, derivative of strain K-12
Clinical isolate, Vn', TIGR sequence
strain

Clinical isolate

Reference isolate, methicillin-resistant
Clinical isolate

(Scott and Pitt, 2004)
(Cheng et al., 1996)

N. Cumley, Queen Elizabeth
Hospital, Birmingham, UK
(Jacobs et al., 2003)
(Jacobs et al., 2003)
(Jacobs et al., 2003)
(Rahme et al., 1995)
(Dietrich et al., 2006)

(Wang et al., 2011)
(Wang et al., 2011)

(Liberati et al., 2006)
(Liberati et al., 2006)
(Liberati et al., 2006)

(Poirel et al., 2003)
(Sokol et al., 1999)
(Hanahan et al., 1991)
(Bachmann, 1996)
(Sahm et al., 1989)

(Lam et al., 2012)
ATCC13420

Queen Elizabeth Hospital,
Birmingham, UK

Vn'" (vancomycin-resistant); TIGR (The Institute for Genomic Research)
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Table 2.2. Fungal species and strains used in this research.

Strain

Name in text

Genotype

Reference

Candida albicans strains

SC5314

NGY152
NGY355
NGY356

CDH15

CDH13

NGY582

NGY583

NGY600

NGY337

NGY335

SN152

upc2A/A

Sod1A/A

SOd2A/A

SOd3A/A

SOd4A/A

SOd5A/A

S0d4—5A/A

S0d4—6A/A

SC5314
NGY152
pmriA

pmriA + PMR1

mnn4A

mnn4A + MNN4

mnn2A

mnn2A + MNN2

mnn2-26A

mnt1AImnt2A

mnt1AImnt2A + MNT1

SN152

upc2A/A

Sod1A/A

SOd2A/A

SOd3A/A

SOd4A/A

SOd5A/A

S0d4—5A/A

S0d4—6A/A

Non-albicans Candida strains

Wwu284
CAY676
CLIB214

AM16/0701

ATCC2001

Candida dubliniensis
Candida tropicalis
Candida parapsilosis

Candida krusei

Candida glabrata

Type strain

ura3A::imm434/ura3A::imm434; RPS1/rps1A::URA3
ura3A::imm434/ura3A::imm434;
pmri1A::hisG/pmr1A::hisG; RPS10/rps10A::URA3
ura3A::imm434/ura3A::imm434;
pmr1A::hisG/pmr1A::hisG;
RPS1/rps1A::Clp10-PMR1
ura3A::imm434/ura3A::imm434;
mnn4A::hisG/mnn4A::hisG; RPS10::URA3
ura3A::imm434/ura3A::imm434;
mnn4A::hisG/mnn4A::hisG;
RPS10::[Clp10-MNN4-URA3],
ura3A::imm434/ura3A::imm434;
mnn2A::dpi200/mnn2A::dpi200; RPS1/rps1A::Clp10
ura3A::imm434/ura3A::imm434;
mnn2A::dpl200/mnn2A::dpl200;
RPS1/rps1A::Clp10-MNN2
ura3A::imm434/ura3A::imm434;
mnn2A::dpl200/mnn2A::dpl200;
mnn22A::dpl200/mnn2A.::dpl200;
mnn23A::dpl200/mnn23A::dpl200;
mnn24A::dpl200/mnn24A::dpl200;
mnn26A::dpl200/mnn26A::dpl200;
mnn21A::dpl200/mnn21A::dpl200;
RPS1/rps1A::Clp10
ura3A::imm434/ura3A::imm434;
mnt1A::hisG/mnt1A::hisG;
mnt2A::hisG/mnt2A::hisG;

RPS10/rps10A::Clp10
ura3A::imm434/ura3A::imm434;
mnt1A::hisG/mnt1A::hisG;
mnt2A::hisG/mnt2A::hisG;
RPS10/rps10A::Clp10-MNT1

his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
upc2A::C.dubliniensisHIS 1/upc2A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod1A::C.dubliniensisHIS1/sod1A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod2A::C.dubliniensisHIS 1/sod2A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod3A::C.dubliniensisHIS 1/sod3A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URAS3/ura3A::imm434; IRO1/iro1A::imm434;
s0d4A::C.dubliniensisHIS 1/sod4A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod5A::C.dubliniensisHIS 1/sod5A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod4A::C.dubliniensisHIS 1/sod4A::C.maltosaLEU2;
sod5A::C.dubliniensisHIS 1/sod5A::C.maltosaLEU2
his1Alhis1A; leu2Alleu2A; arg4Alarg4A;
URA3/ura3A::imm434; IRO1/iro1A::imm434;
sod4A::C.dubliniensisHIS 1/sod4A::C.maltosaLEU2;
sod5A::C.dubliniensisHIS 1/sod5A::C.maltosalL EU2;
s0d6A::C.dubliniensisHIS 1/sod6A::C.maltosaLEU2

Wild-type
Type strain
Type strain

Clinical isolate

Type strain

(Sobel, 1997)
(Hobson et al., 2004)
(Bates et al., 2005)
(Bates et al., 2005)

(Hobson et al., 2004)

(Hobson et al., 2004)

(Hall et al., 2013)

(Hall et al., 2013)

(Hall et al., 2013)

(Munro et al., 2005)

(Munro et al., 2005)

(Noble and Johnson, 2005)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Noble et al., 2010)

(Morschhauser et al., 1999)

ATCCMYA-3404

(Zwolinska-Wcislo et al.,

1998)

D. MacCallum, University of

Aberdeen, Scotland, UK

ATCC2001
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2.2 FORMATION OF DUAL-SPECIES BIOFILMS

Biofilms were grown in 96-well plates as previously described (Merritt et al.,
2005). Briefly, cultures were washed twice in PBS and bacterial cultures diluted to
ODsoo of 0.2, and Candida strains diluted to 1x10° cells/mL in Mueller Hinton broth
(MHB), or DMEM supplemented with 1% L-glutamine. Bacterial (2.4x10°) and Candida
(1x10°) cells were incubated statically in flat-bottom 96-well plates for 2 h at 37°C to
enable attachment, then non-adhered cells were removed and replaced with fresh
MHB media. After 24 h, the media was replaced with fresh MHB media containing the
appropriate amount of antimicrobial, or vehicle control, for an additional 2—-18 h. To
disrupt biofilms, media was replaced with 100 yl PBS containing 50 pg/mL DNase, and
incubated at 37°C for 1 h. Biofilms were detached using a water bath sonicator and/or
by scraping using sterile pipette tips. Biofilm cells were resuspended and serially
diluted 1 in 10 in PBS, and plated onto cetrimide agar (to determine viable P.
aeruginosa CFU) and YPD agar supplemented with 100 pg/mL tetracycline (to
determine viable Candida CFU). Experiments were performed with three technical and

at least three biological replicates.

2.2.1 Formation of dual-species biofilms with lower starting concentrations of C.
albicans

Single- and dual-species biofilms + 2 yg/mL amphotericin B were grown as above, but
with varying starting numbers of C. albicans cells: 1x10°, 1x10*, 1x10° 1x10? or
1x10". Subsequently, biofilms were quantified as above. Experiments were performed

with three technical and three biological replicates.
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2.2.2 Formation of P. aeruginosa biofilms in the presence of dead C. albicans

To kill C. albicans, stationary-phase cultures were washed with PBS and cells either
heat-killed at 100°C in PBS for 1 h, or fixed in 1 mL 4% paraformaldehyde (PFA) at
room temperature for 1 h. Cells were then washed with PBS and diluted in MHB to

1x10° cells/mL. Subsequently, biofilms were established and quantified as above.

2.2.3 Formation of P. aeruginosa biofilms in the presence of fungal ECM
components

Single-species P. aeruginosa biofilms were established and grown for 24 h in MHB
supplemented, at either 0 or 24 h, with 0.25 mg/mL glucan (from Saccharomyces
cerevisiae), laminarin (from Laminaria digitata), mannan (from Saccharomyces
cerevisiae), or chitosan (all obtained from Sigma-Aldrich, UK). After 24 h, media was
replaced with MHB containing the appropriate amount of antibiotic, and biofilms were

subsequently incubated and quantified as above.

2.2.4 Formation of C. albicans biofilms in the presence of dead P. aeruginosa

To kill P. aeruginosa, stationary-phase cultures were washed with PBS and cells either
heat-killed at 100°C in PBS for 1 h, or fixed in 1 mL 4% paraformaldehyde (PFA) at
room temperature for 1 h. Cells were then washed with PBS and diluted in MHB to
ODgoo of 0.8 to mimic P. aeruginosa concentrations recovered from mature biofilms.

Subsequently, biofilms were established and quantified as above.
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2.2.5 Formation of C. albicans biofilms in the presence of purified P. aeruginosa
rhamnolipid

Single-species C. albicans biofilms were established and grown for 24 h in MHB
supplemented, at either 0 or 24 h, with 1000-2000 pg/mL rhamnolipid (90% pure, from
P. aeruginosa, obtained from Sigma-Aldrich, UK). After 24 h, media was replaced with
MHB containing the appropriate amount of antifungal, and biofilms were subsequently

incubated and quantified as above.

2.2.6 Formation of C. albicans biofilms in the presence of supernatant from
mature biofilms

Single- and dual-species biofilms were established as described above, but with 96
technical replicates. After 24 h, biofilm supernatants were removed, and technical
replicates pooled and filter-sterilised (0.2 ym filters). Biofilm supernatants were then
snap-frozen in liquid N2 and stored at -20°C for up to 6 days, until required. Single-
species C. albicans biofilms were established as described above, in media containing
50% MHB and 50% biofilm supernatant. After 24 h, media was replaced with 50:50
MHB:supernatant containing the appropriate amount of antifungal, and biofilms were

subsequently incubated and quantified as above.

2.2.7 Formation of C. albicans biofilms in the presence of reactive oxygen
species (ROS)-inducing agents

Biofilms were established as described above. After 3 h, media was removed and
replaced with MHB containing 10 mM hydrogen peroxide, 0.2 mM menadione, or 0.1

mM hypoxanthine and 0.16 mU/mL xanthine oxidase (all from Sigma-Aldrich, UK). At
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24 h, media was replaced with MHB containing the appropriate amount of antifungal,

and biofilms were subsequently incubated and quantified as above.

2.2.8 Formation of C. albicans biofilms in the presence of purified P. aeruginosa
phenazines

Biofilms were established as described above. After 3 h, media was removed and
replaced with MHB containing 40 pM purified phenazine, including phenazine-1-
carboxylic acid (Apollo Scientific), phenazine methosulfate (Sigma-Aldrich, UK),
pyocyanin (Sigma-Aldrich, UK), 1-hydroxyphenazine (Tokyo Chemical Industry UK
Ltd.), or a combination. Phenazine solutions were protected from light and 96-well
plates were covered with foil. At 24 h, media was replaced with MHB containing the
appropriate amount of antifungal, and biofilms were subsequently incubated and

quantified as above.

2.3 PLANKTONIC ASSAY

P. aeruginosa (2.4x10") and/or C. albicans (1x10°) cells were added to 14 mL
vent-capped culture tubes in a final volume of 2 mL MHB. Cultures were incubated at
37°C with aeration at 200 rpm, for 3 h; the appropriate amount of antimicrobial was
added and cultures incubated for an additional 2—18 h. Cultures were sonicated in a
water bath sonicator, mixed further by pipetting up and down, and then serially diluted
and plated for viable counts. Experiments were performed with three technical

replicates and at least three biological replicates.
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2.4 DETERMINATION OF P. AERUGINOSA SUSCEPTIBILITY TO MEROPENEM

The MICs of meropenem were determined for P. aeruginosa strains according
to the standardised broth microdilution method, using Mueller Hinton broth (Andrews,
2001). Concentrations of meropenem used were 0, 1, 2, 4, 8, 16 and 32 pg/mL. MICs
were determined for P. aeruginosa strains using cells grown on LB agar and cells
recovered from biofilms. MICs were determined as the lowest concentration of

meropenem that caused no visible growth.

2.5 SCANNING ELECTRON MICROSCOPY OF BIOFILMS

Biofilms were prepared for scanning electron microscopy (SEM) using a
previously published protocol (Harriott and Noverr, 2009), with modifications. Single-
and dual-species biofilms were grown on cell culture-treated plastic coverslips
(Thermo Fisher Scientific) in 24-well plates for 24 h, after which the MHB media was
replaced with fresh MHB containing 0 or 5 ug/mL meropenem. At 48 h, coverslips were
washed twice with PBS and samples fixed in 2.5% glutaraldehyde in 0.1M phosphate
buffer for 1 h, at 4°C. Samples were dehydrated using increasing ethanol
concentrations (50%, 70%, 90%, 100%), twice for 15 min each. Ethanol was replaced
with liquid CO, and heated up to the critical point, to dry the samples. Each coverslip
was mounted on a stub and sputter-coated with platinum. SEM images were captured
using a Philips XL30 ESEM-FEG (Environmental Scanning Electron Microscope with
Field Emission Gun). Preparation of samples was performed by Paul Stanley and

Theresa Morris (Centre for Electron Microscopy, University of Birmingham).
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2.6 CONFOCAL MICROSCOPY OF BIOFILMS

Single- and dual-species biofims + 5 ug/mL meropenem were grown as
described above, scaled up to a final volume of 6 mL, in 6-well plates. Media was
replaced with PBS containing 5 ug/mL propidium iodide (stains dead cells), 1 yM Syto
9 (dyes DNA) and 3 pg/mL calcofluor white (stains fungal cell wall chitin), and
incubated at 4°C in the dark for 1 h. Biofilms were then fixed by adding 4% PFA,
incubated at 4°C in the dark for 1 h, and then washed twice with PBS. Confocal
microscopy was performed using a Leica SP8 system equipped with Leica DM6 upright
microscope, 40x/0.80 objective, and 402, 488 and 561 nm lasers. Biofilms were
imaged directly in wells with a water dipping lens. Z-stack scans were taken at 2—3
different areas within each well and processed with Fiji and LASx software. Imaging
and quantification of biofilm thickness were performed by Dr Alessandro di Maio

(Birmingham Advanced Light Microscopy facility, University of Birmingham).

2.7 QUANTIFICATION OF ERGOSTEROL

2.7.1 Filipin staining and fluorescence microscopy of biofilm cells

Single- and dual-species biofilms were established as described above, with six
replicate wells per biofiim. At 24 h, MHB media was removed, biofilms were washed
once with PBS, and incubated with 4% PFA for 1 h, at room temperature. Biofilms were
then disrupted and detached using sterile pipette tips. Cells from three replicate wells
were combined into 1.5 mL Eppendorf tubes, so each biofilm was represented by two
technical replicate samples. PFA was removed from samples by washing with PBS,
after which samples were re-suspended in fresh PBS and stored at 4°C overnight.

Subsequently, filipin staining was performed as previously described (Leventhal et al.,
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2001). PBS was removed and replaced with 75 pL fresh PBS containing 0.05 mg/mL
filipin (Sigma-Aldrich, UK). Samples were covered with foil, to prevent photo-bleaching
of filipin, and incubated for 2 h, at room temperature. Samples were washed once with
PBS, re-suspended in 75 uL fresh PBS, and mounted onto glass slides. Samples were
imaged on a Zeiss AxioObserver at 63x magnification, with 30-33 images captured
per sample. Images were obtained from three biological replicates. Imaging was

performed by Dr Joao Correia (University of Birmingham).

2.7.2 Quantification of fluorescence

The fluorescence intensity of filipin corresponds to ergosterol levels in fungal cells
(Sekiya and Nozawa, 1983). Images were analysed using FIJI (Fiji Is Just ImageJ)
software (Schindelin et al., 2012). Up to five cells per image were outlined, as well as
five spherical areas containing no cells (background fluorescence readings). The mean
corrected total cell fluorescence (CTCF) was calculated for each image, in which CTFC
= integrated density + (area of cell x mean fluorescence of background readings). Data

were analysed using 1-way ANOVA and Holm-Sidak’s multiple comparisons test.

2.8 DUAL-SPECIES RNA SEQUENCING OF BIOFILMS

2.8.1 Biofilm formation

Single- and dual-species biofilms were grown in triplicate, in 6-well plates,
scaled up to a final volume of 6 mL. After 24 h, the MHB media was replaced with fresh
MHB containing 0 or 5 pyg/mL meropenem. At 4 h, the media was removed and
replaced with 2 mL PBS containing 50 uyg/mL DNase, which had been incubated at

37°C. Sterile cell scrapers were used to detach biofilm cells and technical replicates
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were pooled and mixed in a cooled 15-mL Falcon tube, on ice. A 50 yL volume of
biofilm cells was removed and serially diluted 1 in 10 in sterile PBS, and plated onto
cetrimide agar (to determine P. aeruginosa CFU) and YPD agar supplemented with
100 pg/mL tetracycline (to determine C. albicans CFU). The biofilm cell samples were
centrifuged at 3500 rpm, at 4°C, for 5 min, to form cell pellets. The supernatant was
removed, and cell pellets were snap frozen in liquid nitrogen, before being stored at -
70°C, until required. Four biological replicate samples were packaged on dry ice and
shipped to GeneWiz®, UK, for RNA extraction, sequencing and bioinformatics

analyses.

2.8.2 RNA extraction, library preparation and RNA sequencing

RNA extraction was performed using the QIAGEN RNeasy® Plus Mini Kit. Library
preparation was done in the following stages: A) Ribosomal RNA depletion. For this
stage, two different probes were used — one targeting P. aeruginosa rRNA and another
targeting C. albicans rRNA; B) RNA fragmentation and random priming; C) First and
second strand cDNA synthesis; D) End repair, 5' phosphorylation and dA-tailing; E)
Adapter ligation, PCR enrichment and sequencing (Figure 2.1). Paired-end
sequencing was performed using lllumina HiSeq 4000 (2x150bp configuration, single
index, per lane). RNA extraction, library preparation and RNA sequencing were carried

out by GeneWiz® as a paid service.
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Figure 2.1. GeneWiz® RNA sequencing library preparation workflow. Stages
include: A. Ribosomal RNA depletion, using separate probes for C. albicans rRNA and
for P. aeruginosa rRNA; B. RNA fragmentation and random priming; C. First and
second strand cDNA synthesis; D. End repair, 5' phosphorylation and dA-tailing; E.
Adapter ligation, PCR enrichment and sequencing. Figure provided by GeneWiz®.

2.8.3 Bioinformatics analyses

Sequence quality of each sample was evaluated by determination of the number of
reads, the yield (Mbases), the mean quality score, and the percentage of reads over
30 bases in length. FastQC software was used to determine per base sequence quality

and per sequence GC content.

Sequence reads were trimmed to remove possible adapter sequences and nucleotides
with poor quality, using Trimmomatic v.0.36. The trimmed reads were mapped to the
following reference genomes, available on ENSEMBL, using the STAR aligner

v.2.5.2b.
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e C_albicans _SC5314

(http://www.candidagenome.org/download/sequence/C albicans SC5314/Ass

embly21/current/)

e P_aeruginosa_PAO1 (https://www.ncbi.nlm.nih.gov/nuccore/NC 002516.2)

The STAR aligner is a splice aligner that detects splice junctions and incorporates them
to help align the entire read sequences. Reads obtained from dual-species biofilm
samples were mapped to each reference genome separately. BAM files were

generated as a result of this step.

Unique gene hit counts were calculated using featureCounts from the Subread
package v.1.5.2. The hit counts were summarised and reported using the gene_id
feature in the annotation file. Only unique reads that fell within exonic regions were
counted. For each gene or open reading frame (ORF) per genome, output data tables
included: name, region, expression value, transcripts per million (TPM), reads per

kilobase per million (RPKM), gene length, unique gene reads, and total gene reads.

After extraction of gene hit counts, the data were used for downstream differential
expression analysis. Using DESeq2, a comparison of gene expression between the
relevant groups of samples was performed. The Wald test was used to generate p-
values and log, fold changes. Principal component analysis (PCA) was performed to
reveal the similarities within and between groups, with PCA plots included in the output.
Volcano plots were also included in the output, which show global transcriptional

change across the groups compared.
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Bioinformatics analyses were carried out by GeneWiz® as a paid service. Sequencing
reads and gene hit count tables are available at the Gene Expression Omnibus (GEO)

database (https://www.ncbi.nlm.nih.gov/geo/), under accession number GSE167137.

2.8.4 Enrichment analyses

For P. aeruginosa transcriptomic analysis, differential expression of genes between
conditions was considered significant if the adjusted P-value (Padj) was <0.05. Gene
ontology (GO) analysis was done using KOBAS 3.0 software (KEGG (Kyoto
Encyclopaedia of Genes and Genomes) Orthology Based Annotation System) (Xie et
al., 2011). KOBAS 3.0 works by determining which GO terms are statistically
significantly associated with the input gene list by performing the Fisher's exact test
with the Benjamini and Hochberg method for false discovery rate (FDR) correction.
The level of enrichment of GO terms is determined by its enrichment ratio, which is
calculated by taking the number of genes annotated to a specific GO term from the
input differentially expressed gene (DEG) list, and dividing it by the total number of
genes assigned to that GO term in the KEGG orthology database for the selected
species. KEGG pathway enrichment analysis was also done using KOBAS 3.0

software (Xie et al., 2011), using the same statistical methods as described above.

For C. albicans transcriptomic analysis, differential expression of genes between
conditions was considered significant if the adjusted P-value (Padj) was <0.05 and the
log. fold change was =1 (Dutton et al., 2016b, Bruno et al., 2015, Fourie et al., 2021).
Gene ontology (GO) analysis was done using the Candida Genome Database (CGD)

Gene Ontology Slim Mapper (Skrzypek et al., 2017, Arnaud et al., 2009). This tool
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maps the annotations from each gene list to GO Slim terms, which are broad, high-
level GO terms that are specific to the selected Candida species; in this case, C.
albicans (Skrzypek et al., 2017). KEGG pathway enrichment analysis was done using

KOBAS 3.0 software (Xie et al., 2011), as described previously.

2.9 STATISTICAL ANALYSIS

Statistical analyses were done using GraphPad Prism 9.1.0 software. Viable
counts data from C. albicans biofilm assays, and from the dual-species RNA-seq
biofilm samples, were logio-transformed to enable statistical analyses of large, log+o-
scale changes in viable counts between experimental conditions. Unless otherwise
stated, data were analysed using 2-way ANOVA and Holm-Sidak’s multiple

comparisons test.
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3 CANDIDA ALBICANS ENHANCES MEROPENEM TOLERANCE OF

PSEUDOMONAS AERUGINOSA IN A DUAL-SPECIES BIOFILM

Parts of this chapter have been previously published:

Alam, F., Catlow, D., Di Maio, A., Blair, J. M. A. and Hall, R. A. (2020) ‘Candida albicans

enhances meropenem tolerance of Pseudomonas aeruginosa in a dual-species

biofilm’, J Antimicrob Chemother, 75(4), pp. 925-935.
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3.1 INTRODUCTION

Research on the interactions between Pseudomonas aeruginosa and Candida
albicans has focused predominantly on physical and molecular interactions, and their
effects on growth, morphology and virulence (Lopez-Medina et al., 2015, Trejo-
Hernandez et al., 2014, Chen et al., 2014, Bandara et al., 2013, Cugini et al., 2010,
Hogan et al., 2004). However, little is known of how their interactions affect
antimicrobial drug efficacy. Studies on mono-species C. albicans and P. aeruginosa
biofilms have linked biofilm extracellular matrix (ECM) material to antimicrobial drug
inhibition. For example, the fungal polysaccharide R-1,3-glucan sequesters the
antifungal, fluconazole (Taff et al., 2012), whilst the P. aeruginosa exopolysaccharides
Pel and Psl are implicated in the inhibition of various antibiotics, including tobramycin

(Hall and Mah, 2017).

Dual-species biofilm studies have shown that C. albicans can enhance the antibiotic
tolerance of other bacterial species, including Staphylococcus aureus and Escherichia
coli (Kong et al., 2016, De Brucker et al., 2015). Antibiotic protection was enhanced by
C. albicans strains that secrete high levels of B-1,3-glucan, whilst inhibiting glucan
synthesis with the antifungal, caspofungin, re-sensitised the bacteria to the antibiotic
(Kong et al., 2016). In mixed C. albicans-S. aureus biofilms, -1,3-glucan was shown
to coat the bacteria, impairing the ability of vancomycin to reach the bacterial cells
(Kong et al., 2016). Kong et al. (2016) demonstrated that increased tolerance of S.
aureus to vancomycin is also observed in the presence of purified mannan or total C.
albicans biofilm matrix material (Kong et al., 2016). Kong et al. (2016) therefore

proposed a barrier model as the mechanism of action, whereby secreted C. albicans
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cell wall polysaccharides coat bacterial cells and act as a barrier to impede antibiotic
access to the bacterial cells (Kong et al., 2016). In a similar manner, -1,3-glucan was
shown to enhance ofloxacin tolerance of E. coli cells when grown in a mixed C.
albicans—E. coli biofilm (De Brucker et al., 2015). However, De Brucker et al. (2015)
proposed an alternative model for the protective mechanism. De Brucker et al. (2015)
suggested sequestration of ofloxacin by (3-1,3-glucan, leading to a decreased rate of
ofloxacin penetration into the biofilm. This would result in E. coli cells being exposed
to a low initial concentration of ofloxacin, potentially giving the cells sufficient time to

initiate a defensive response (De Brucker et al., 2015).

The frequency of co-infection by C. albicans and P. aeruginosa highlights the clinical
importance of gaining a greater understanding of the impact of this cross-kingdom
interaction on antimicrobial tolerance. Meropenem is a first-line antibiotic for treating
Pseudomonas infections in the CF lung (Cystic Fibrosis Trust, 2009). Meropenem is a
carbapenem [3-lactam, which targets penicillin-binding proteins within Gram-negative
bacteria, causing inhibition of cell wall peptidoglycan synthesis, ultimately leading to
osmotic lysis of bacterial cells (Fernandez et al., 2013, Papp-Wallace et al., 2011).
Meropenem is administered intravenously, as a 15-30-minute infusion at 1-2 g (adult
dose), three times daily, for two weeks (Nicolau, 2008). When P. aeruginosa biofilms
are treated with clinical doses of meropenem, only bacteria at the biofilm peripheries
are killed, whilst cells closer to the base remain viable (Haagensen et al., 2015). In
patients, the meropenem concentration found in epithelial lining fluid one hour post-

treatment is 5.3 pyg/mL (Nicolau, 2008), with the clinical breakpoint of Pseudomonas
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being >8 pg/mL (EuCAST, 2020a). Therefore, slight deviations in tolerance of P.

aeruginosa to meropenem could impede clearance of the infection.

In this study, we observed that dual-species P. aeruginosa—C. albicans biofilms
displayed enhanced tolerance to meropenem. This protection was provided through
active secretion of fungal ECM components, specifically mannan and [3-glucan.
Therefore, co-colonisation of P. aeruginosa and C. albicans, within the CF lung, may
result in small reservoirs of protected P. aeruginosa, which could survive antimicrobial

treatment and reseed the infection site.

3.2 RESULTS

3.2.1 C. albicans increases the tolerance of P. aeruginosa to meropenem in dual-
species biofilms

To determine whether the presence of C. albicans within a P. aeruginosa biofilm
is able to enhance the tolerance of P. aeruginosa to meropenem, mono-species (P.
aeruginosa) and dual-species (P. aeruginosa—C. albicans) biofilms were grown for 24
h and then treated with meropenem. P. aeruginosa survival was then quantified by
viable counts. Given that the actual concentration of meropenem in the lung
immediately after administration is between 5-6 pg/mL (Nicolau, 2008), this drug
concentration was the focus of the study. The viability of P. aeruginosa mono-species
biofilms was reduced to 25.35% when treated with 5 pg/mL meropenem, indicating P.
aeruginosa biofilm cells are susceptible to meropenem (Figure 3.1a). Fewer P.
aeruginosa cells were recovered from dual-species biofilms, which is likely due to

nutrient competition. However, in the presence of C. albicans, meropenem was non-
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effective against P. aeruginosa in both MHB (Figure 3.1a) and DMEM (Figure 3.1b),
indicating that this inter—kingdom interaction negatively affects meropenem efficacy.
Viable counts of C. albicans confirmed that meropenem has no effect on C. albicans
(Figure 3.1c). Fewer C. albicans cells were recovered from dual-species biofilms, as
shown by the ~2log+o drop in C. albicans CFU/mL (Figure 3.1c), suggesting nutrient

competition and reduced C. albicans viability in the presence of P. aeruginosa.

To visualise the structure of the biofilms, samples were analysed by scanning electron
microscopy and confocal microscopy. Mono-species P. aeruginosa biofilms were
significantly reduced in the presence of meropenem, while in the meropenem-treated
dual-species biofilms, significant levels of P. aeruginosa colonised the fungal hyphae,
forming tight associations to the fungal surfaces (Figure 3.2), thus confirming the viable
counts data. In agreement with this, the biofilm thickness was lower in meropenem-
treated dual-species biofilms (Figure 3.3 and 3.4), indicating dense packing of bacterial
cells against fungal hyphae, creating a more compact biofilm structure. Therefore, the

presence of C. albicans enhances the tolerance of P. aeruginosa to meropenem.
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Figure 3.1. C. albicans SC5314 increases the tolerance of P. aeruginosa PAO1 to
meropenem in a dual-species biofilm. (a) Preformed 24 h biofilms were incubated
in Mueller Hinton broth containing no antibiotic or 5 pg/mL meropenem, for 18 h. Data
are the mean + the SEM from 5 biological replicates. (b) Preformed 24 h biofilms were
incubated in Mueller Hinton broth or DMEM (supplemented with 1% L-glutamine)
containing no antibiotic or 5 pg/mL meropenem, for 18 h. Data show the mean * the
SEM from 4 biological replicates. (¢) Meropenem has no effect on C. albicans biofilm
viability, whereas the dual-species interaction reduces C. albicans viability by ~2log1o
change in CFU/mL. Preformed 24 h biofilms were incubated in Mueller Hinton broth
containing no antibiotic or 5 yg/mL meropenem, for 18 h. Data are the mean + the SEM
from 5 biological replicates. Data were analysed using 2-way ANOVA and Holm-
Sidak’s multiple comparisons test (ns not significant; ** P < 0.01; *** P < 0.001; **** P
< 0.0001).
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Figure 3.2. SEM analysis of biofilms of P. aeruginosa PAO1 and C. albicans SC5314. Meropenem treatment of mono-
species P. aeruginosa biofilms results in reduced numbers of bacterial cells, whilst the presence of C. albicans in the dual-
species biofilm enhances meropenem tolerance; the tight association of P. aeruginosa cells to fungal surfaces is visible. C.

albicans alone is unaffected by meropenem.
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Figure 3.3. Three-dimensional reconstructions of biofilms from confocal z-stacks. Red indicates propidium iodide stain
(dead cells), green indicates Syto 9 dye (DNA), and blue indicates calcofluor white stain (chitin).
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Figure 3.4. Quantification of biofilm thickness from confocal microscopy
images. Preformed 24 h biofilms were incubated in Mueller Hinton broth containing O
or 5 pyg/mL meropenem, for 18 h. Biofilms were fixed, stained and washed, before
confocal images were taken from 2—-3 areas per biofilm. Data show the mean + the
SEM from 2 biological replicates. Data were analysed using 2-way ANOVA and Holm-
Sidak’s multiple comparisons test (ns not significant; * P < 0.05; ** P < 0.01; *** P <
0.0001).

3.2.2 Meropenem tolerance is not maintained following subculture of P.
aeruginosa biofilm cells

The selective pressure from antibiotic use increases the likelihood of cells
developing resistance. The sessile nature and close proximity of biofilm cells promotes
cell-cell interactions (Savage et al., 2013), increasing horizontal gene transfer and
mutation frequencies relative to planktonic cells (Olsen, 2015). Furthermore, the

presence of C. albicans increases P. aeruginosa mutation rates (Trejo-Hernandez et
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al., 2014). To determine whether the observed increase in meropenem tolerance of P.
aeruginosa was due to selection for resistance mutations, the meropenem MICs of
cells recovered from both P. aeruginosa mono- and dual-species biofilms that had
been treated with 5 uyg/mL meropenem, or untreated, were determined by standard
broth microdilution MIC assay, and compared to the MIC of the starter culture. The
MIC of P. aeruginosa PAO1 under all tested conditions was 4 pg/mL. These data
suggest that P. aeruginosa cells recovered from treated biofilms were not resistant to
meropenem and, therefore, the observed increased tolerance was unlikely due to

selection for resistance mutations.

3.2.3 Increased tolerance of P. aeruginosa to meropenem is specific to dual-
species biofilms

Enhanced survival of P. aeruginosa as a result of interactions with C. albicans
has previously been observed in planktonic cultures, through inter-kingdom
communication via secreted metabolites (Chen et al., 2014). To determine whether the
observed increase in meropenem tolerance of P. aeruginosa was specific to biofilms,
the susceptibility of P. aeruginosa to meropenem in the presence of C. albicans was
tested during planktonic growth. At all meropenem concentrations tested, there was
no significant difference in P. aeruginosa survival whether in the presence or absence
of C. albicans (Figure 3.5), suggesting that C. albicans-mediated protection is biofilm-

specific.
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Figure 3.5. Increased P. aeruginosa meropenem tolerance in the presence of C.
albicans is biofilm-specific. Planktonic cultures were grown for 3 h and subsequently
incubated in Mueller Hinton broth containing 0, 1, 2.5 or 5 ug/mL meropenem, for 18
h. Data are the mean + the SEM from 4 biological replicates. Data were analysed using
2-way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant).

3.2.4 Increased P. aeruginosa tolerance to meropenem is dependent on fungal
viability

Production of fungal biofilm ECM is an active process, involving secretion of
glycoproteins, polysaccharides, lipids and nucleic acids (Lohse et al., 2018). To
determine whether the protective effect of C. albicans is mediated by an active or
passive mechanism, P. aeruginosa biofilms were grown in the presence of either heat-
killed C. albicans (disrupts the fungal cell wall, denatures proteins, and causes cell

lysis), or by fixing the C. albicans cells in 4% PFA (maintains cell structure). However,
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in the presence of heat-killed or PFA-fixed C. albicans, P. aeruginosa remained

susceptible to meropenem (Figure 3.6), suggesting that C. albicans actively protects

P. aeruginosa from meropenem.
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Figure 3.6. Increased tolerance to meropenem is dependent on fungal viability.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing no antibiotic
or 5 pyg/mL meropenem, for 18 h. Data are the mean + the SEM from 5 biological
replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s multiple
comparisons test (ns not significant; ** P < 0.01).

3.2.5 C. dubliniensis also enhances P. aeruginosa meropenem tolerance in dual-
species biofilms

Only a few species of the Candida genus are associated with disease in
humans, including C. albicans, C. dubliniensis, C. tropicalis, C. parapsilosis, C. krusei
and C. glabrata (Whibley and Gaffen, 2015). To determine whether other Candida

species can also protect P. aeruginosa from meropenem, biofilms were grown in the
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presence of these clinically-relevant non-albicans Candida (NAC) species. Of the NAC
species tested, only C. dubliniensis increased the tolerance of P. aeruginosa to
meropenem (Figure 3.7). C. dubliniensis is phylogenetically most closely related to C.
albicans (Papon et al., 2013), indicating that C. albicans and C. dubliniensis may

enhance P. aeruginosa meropenem tolerance in a similar manner.
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Figure 3.7. C. dubliniensis also enhances tolerance of P. aeruginosa to
meropenem in dual-species biofilms. Preformed 24 h biofilms were incubated in
Mueller Hinton broth containing no antibiotic or 5 yg/mL meropenem, for 18 h. Data
are the mean + the SEM from 3 biological replicates. Data were analysed using 2-way
ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; * P < 0.05).
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3.2.6 Fungal cell wall polysaccharides enhance P. aeruginosa tolerance to
meropenem

The secretion of ECM polymers, specifically polysaccharides, by C. albicans
biofilm cells is linked to increased antifungal resistance of fungal biofilms (Taff et al.,
2013, Nett et al.,, 2007). However, there is increasing evidence that fungal ECM
polysaccharides also contribute to antibiotic resistance in dual-species biofilms
(Harriott and Noverr, 2009, Kong et al., 2016, De Brucker et al., 2015). To determine
whether secreted fungal cell wall polymers play a role in protecting P. aeruginosa,
mono-species P. aeruginosa biofilms were grown in the presence of purified fungal cell
wall polysaccharides, including glucan (a mix of [3-1,3-glucan and -1,6-glucan),
laminarin (an isoform of R-1,3-glucan), mannan, and chitosan (de-acetylated chitin).
Both mannan and glucan enhanced the tolerance of P. aeruginosa to meropenem in
biofilms (Figure 3.8a), but not in planktonic cultures (Figure 3.8b). To determine
whether mannan and glucan have independent effects, P. aeruginosa biofilms were
supplemented with glucan and mannan in combination. However, no additive effect
was observed (Figure 3.8c). To gain some insight into whether mannan and glucan
were binding and sequestering meropenem, or whether these polysaccharides were
forming a ‘protective coating’ on the P. aeruginosa biofilm, the effect of changing the
time point at which mannan and glucan were added was investigated. Mannan and
glucan, either alone or in combination, were added to the meropenem-containing
media, which was added to mature biofilms (24-h growth), alongside controls
containing no meropenem. Results from these experiments showed that mannan and
glucan also protected P. aeruginosa when added to mature biofilms at the same time

as meropenem (Figure 3.8d), suggesting that the polysaccharides may sequester or
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inhibit the activity of the drug. These data refute the ‘protective coating’ hypothesis, as
the polysaccharides would not have had the opportunity to form a barrier over the
biofilms when added at the same time as meropenem. Therefore, C. albicans actively
secretes mannan and/or glucan into the biofilm ECM, which protects P. aeruginosa

from meropenem, likely through binding and sequestration of the antibiotic drug

molecules.
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Figure 3.8. Mannan and glucan enhance P. aeruginosa biofilm tolerance to
meropenem. Fungal polysaccharides were used at a final concentration of 0.25
mg/mL. (a) Mannan and glucan enhance P. aeruginosa biofilm tolerance to 5 pg/mL
meropenem. Preformed 24 h biofilms were incubated in Mueller Hinton broth
containing no antibiotic or 5 yg/mL meropenem, for 18 h. Data are the mean * the
SEM from 6 biological replicates. (b) Enhanced meropenem tolerance from mannan
and glucan is biofilm-specific. Planktonic cultures supplemented with exogenous
mannan and/or glucan were grown for 3 h and subsequently incubated in Mueller
Hinton broth containing 5 pyg/mL meropenem for 18 h. Data are the mean * the SEM
from 3 biological replicates. (¢) The effects of mannan and glucan are not additive.
Data are the mean + the SEM from 3 biological replicates. (d) Mannan and glucan
enhance P. aeruginosa biofilm tolerance to meropenem, even when added to pre-
formed biofilms. Pre-formed 24 h biofilms were incubated for 18 h in Mueller Hinton
broth containing no antibiotic, 5 yg/mL meropenem, 0.25 mg/mL mannan or glucan, or
a combination of these. Data are the mean + the SEM from 4 biological replicates.
Data were analysed using 2-way ANOVA and Holm-Sidak’s multiple comparisons test
(ns not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; *** P < 0.0001).

3.2.7 C. albicans cell wall glycosylation is important for protection against
meropenem

To further investigate the role of fungal mannan in meropenem tolerance, the
ability of C. albicans cell wall glycosylation mutants to protect P. aeruginosa was
quantified. C. albicans has two major forms of mannan, the extensively branched N-
linked mannan and the simple, linear O-linked mannan. Deletion of genes involved in
key steps in glycosylation result in the incorporation of altered mannan epitopes in the
cell wall (Figure 3.9a) and within the biofilm ECM (Sheth et al., 2011, Murciano et al.,

2011, Hall et al., 2013).

To determine the role of these glycosylation structures in protecting P. aeruginosa from
the actions of meropenem, mutants defective in general protein glycosylation (pmriA,
ATPase required for transporting Ca®* and Mn?* ions into the Golgi), N-mannan
phosphomannan incorporation (mnn4A), N-mannan side chain elaboration (mnn2A,

mnn2-26A), and O-mannan biosynthesis (mnt1A/mnt2A) were tested for their ability to
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protect P. aeruginosa from meropenem. The pmr1A mutant causes loss of a Golgi
Ca?/Mn?** ATPase, affecting numerous mannosyltransferases, so the extent of
truncation of the a-1,6-mannose backbone is variable (Sheth et al., 2011, Murciano et
al.,, 2011), whilst only the unsubstituted a-1,6-mannose backbone of N-mannan

remains in the mnn2-26A sextuple mutant (Figure 3.9a).

Deletion of genes required for N-mannan biosynthesis (mnn4, mnn2-26 and pmr1)
reduced the ability of C. albicans to protect P. aeruginosa from meropenem (Figure
3.9b-c). SEM analysis showed very few bacterial cells surviving meropenem-treatment
in dual-species biofilms with the C. albicans glycosylation mutants, most clearly seen
with mnn4A and mnt1A/mnt2A (Figure 3.10), but bacteria that did survive were closely
adhered to the fungal cell surface, suggesting that cell-cell adherence may play a role
in meropenem tolerance. In agreement with this, deletion of genes involved in O-
mannan biosynthesis (mnt1/mnt2), which have previously been shown to be involved
in bacterial attachment to C. albicans (Brand et al., 2008), had the greatest impact on
P. aeruginosa protection (Figure 3.9d and Figure 3.10). This indicates that protection

of P. aeruginosa requires full elaboration of fungal mannan.
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Figure 3.9. C. albicans cell wall glycosylation is important for protection against
meropenem (a) Schematic diagram representing the structure of N-mannan (including
phosphomannan) and O-linked mannan of C. albicans (Sheth et al., 2011, Hall et al.,
2013). The points of truncation of the mutants used in this study are indicated by
arrows. (b) N-mannan glycosylation is important for protection against meropenem.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing no antibiotic
or 5 pyg/mL meropenem, for 18 h. The N-mannan glycosylation mutants, mnn4A,
pmr1A, or mnn2A inhibit the ability of C. albicans to protect P. aeruginosa. Tolerance
to meropenem is restored in reconstituted control strains. (¢) The mnn2-26A sextuple
mutant inhibits the ability of C. albicans to protect P. aeruginosa. (d) O-mannan
glycosylation is important for protection against meropenem. The mnt1A/mnt2A double
mutant inhibits the ability of C. albicans to protect P. aeruginosa. Meropenem tolerance
is restored when MNTT1 is reconstituted. Data are the mean + the SEM from 3 biological
replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s multiple
comparisons test (ns not significant; ** P < 0.01; *** P < 0.001; **** P < 0.0001).
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Figure 3.10. SEM analysis of biofilms of P. aeruginosa PAO1 and C. albicans cell
wall glycosylation mutants. Deletion of genes required for fungal N-mannan
biosynthesis (mnn4, pmr1, mnn2 or mnn2-26) or O-mannan biosynthesis (mnt1/mnt2)
reduced the ability of C. albicans to protect P. aeruginosa from meropenem, as
indicated by the reduction in the number of bacterial cells following meropenem
treatment, most clearly visible with mnn4A; the majority of surviving bacteria are in
close contact with fungal cells. When the genes (MNN4, PMR1, MNNZ2 or MNTT) are
reconstituted, the protective effect is restored, as evidenced by the abundance of P.
aeruginosa cells coating the fungi in the meropenem-treated samples.

3.2.8 Increased tolerance of P. aeruginosa to meropenem is strain-specific

In addition to mannan, the C. albicans cell wall polysaccharide, chitin, is also
involved in attachment to P. aeruginosa cells. Chitin is a linear polymer composed of
N-acetylglucosamine residues linked together by 1,4-glycosidic bonds. Interactions
with fungal chitin are mediated by P. aeruginosa chitin-binding protein D (CbpD), which
is present on the surfaces of P. aeruginosa cells, but the protein is also released
extracellularly via the type Il secretion system (Ovchinnikova et al., 2013, Frederiksen
et al., 2013). P. aeruginosa CbpD is involved in forming strong physical interactions
with C. albicans hyphae. A P. aeruginosa cbpDA mutant strain shows reduced
adhesion to C. albicans hyphae when compared to the PAO1 wild-type strain, whilst
complementation with CBPD restores the strong adhesion forces (Ovchinnikova et al.,

2013).

To determine the role of fungal chitin in protecting P. aeruginosa from the actions of
meropenem, P. aeruginosa mutants defective in CbpD biosynthesis (cbpDA) or
chitinase synthesis (chiCA) were tested for their ability to protect P. aeruginosa from
meropenem. The P. aeruginosa chiC gene encodes the extracellular enzyme,
chitinase, which degrades chitin, but the mechanism by which the enzyme is secreted
is unknown (Folders et al., 2001). Expression of chiC is upregulated in P. aeruginosa
clinical isolates from lung epithelial cells, relative to laboratory strains, indicating a role
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for chitinase in infection or virulence (Frederiksen et al., 2013). P. aeruginosa cbpDA
and chiCA mutant strains were tested in both PAO1 WT and PA14 WT backgrounds,
obtained from transposon mutant libraries (Jacobs et al., 2003, Liberati et al., 2006),

with the relevant parental strains as controls.

C. albicans enhanced meropenem tolerance of the PAO1 laboratory strain
(ATCC15692) that was used throughout this study (Figure 3.11a). However, C.
albicans did not enhance meropenem tolerance of P. aeruginosa in either the cbpDA
or chiCA mutant strains; furthermore, C. albicans did not enhance meropenem
tolerance in either parental strain, PAO1 WT or PA14 WT (Figure 3.11b and 3.11c).
This indicates that increased tolerance of P. aeruginosa to meropenem is strain-
specific. The observation that these P. aeruginosa wild-type background strains did
not show enhanced meropenem tolerance means that we cannot infer from these

experiments whether or not fungal chitin plays a role.
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Figure 3.11. Increased tolerance of P. aeruginosa to meropenem is strain-
specific and does not involve interactions with fungal chitin. Preformed 24 h
biofilms were incubated in Mueller Hinton broth containing no antibiotic or 5 ug/mL
meropenem, for 18 h. (a) C. albicans enhances meropenem tolerance of P.
aeruginosa PAO1 (ATCC15692) in a dual species biofilm. (b) C. albicans does not
enhance meropenem tolerance of cbpDA or chiCA mutant strains, or of the WT, in a
PAO1 background (Jacobs et al., 2003). (c) C. albicans does not enhance meropenem
tolerance of cbpDA or chiCA mutant strains, or of the WT, in a PA14 background
(Liberati et al., 2006). Data are the mean + the SEM from 3 biological replicates. Data
were analysed using 2-way ANOVA and Holm-Sidak’s multiple comparisons test (ns
not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001).

3.2.9 C. albicans does not enhance P. aeruginosa tolerance to other antibiotics

To determine whether the protective effect conferred by C. albicans was
confined to meropenem-treated P. aeruginosa biofilm cells, or if it applied to a broader
range of antibiotic drugs, mono- and dual-species biofilms were treated with different
classes of antibiotic. The aim of these experiments was to decipher whether the
antibiotic mode of action was important for the protective mechanism. Alongside the
carbapenem, meropenem, the other classes of antibiotic tested were a cephalosporin
and two fluoroquinolone antibiotics. Carbapenems are broad-spectrum antibiotics that
bind to penicillin-binding proteins (PBPs) and inhibit synthesis of bacterial cell walls
(Fusté et al., 2013). Cephalosporins also affect bacterial cell wall structure by targeting
PBPs and inhibiting peptidoglycan synthesis (Hutchings et al., 2019). Both
carbapenems and cephalosporins are 3-lactam antibiotics, i.e. their chemical structure
includes a R-lactam ring (Fernandez et al., 2013). However, fluoroquinolones work by
inhibiting DNA gyrase and topoisomerase IV enzymes, thus affecting DNA replication

and transcription (Hutchings et al., 2019).

Meropenem is combined with tobramycin for the treatment of P. aeruginosa infections
in the CF lung (Cystic Fibrosis Trust, 2009). Tobramycin is an aminoglycoside

antibiotic, which targets the 16S rRNA of the bacterial 30S ribosomal subunit, thus
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inhibiting protein synthesis (Hutchings et al., 2019, Hall and Mah, 2017); the
concentration of tobramycin found in the epithelial lining fluid 2 h after treatment is
1.67 pg/mL (Carcas et al., 1999). The third-generation cephalosporin, ceftazidime, is
a first-line therapy for the treatment of P. aeruginosa infections; the concentration of
ceftazidime found in the epithelial lining fluid following a standard dose (20 mg per kg
of body weight) is 6 ug/mL (Cousson et al., 2015). The fluoroquinolone, ciprofloxacin,
is used to treat chronic P. aeruginosa infections in the CF lung (Wagner et al., 2016);
the concentration of ciprofloxacin found in the epithelial lining fluid 24 h after a 500 mg
dose is negligible (Gotfried et al., 2001). Like ciprofloxacin, oxfloxacin is a second-
generation fluoroquinolone antibiotic. Increased ofloxacin tolerance has been shown
in E. coli, when grown as dual-species E. coli—C. albicans biofilms (De Brucker et al.,
2015); therefore, ofloxacin was tested to determine whether this effect is also observed
with P. aeruginosa. Furthermore, combination treatment of meropenem with the

antifungal drugs, fluconazole and amphotericin B, were also tested.

To determine whether the presence of C. albicans also affects tolerance of P.
aeruginosa biofilm cells to these other clinically-relevant antibiotics, mono- and dual-
species biofilms were treated with 5 and 10 yg/mL meropenem, 2.5 and 5 pg/mL
ceftazidime, 0.5 pg/mL ofloxacin, 0.05 pg/mL ciprofloxacin, 2 pg/mL tobramycin, or a
combination of 5 uyg/mL meropenem with either 2 pg/mL tobramycin, 250 pg/mL
fluconazole, or 1 uyg/mL amphotericin B. However, the presence of C. albicans did not
provide protection against these antimicrobial treatments (Figure 3.12), suggesting
that the mechanism by which C. albicans confers enhanced tolerance is likely due to
the chemical structure of meropenem. The observation that C. albicans did not provide

protection against an increased concentration (10 yg/mL) of meropenem (Figure
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3.12a) suggests that any protection conferred by the presence of C. albicans in these
biofilms was counteracted by the greater reduction in P. aeruginosa cells, caused by
the increased antibiotic concentration. Furthermore, sufficient numbers of C. albicans
cells must be present in the biofilm in order to provide protection from meropenem, as
neither combination meropenem-fluconazole nor meropenem—amphotericin B

treatment maintained the protective effect (Figure 3.12b).
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Figure 3.12. C. albicans does not enhance P. aeruginosa tolerance to other
antibiotics. Preformed 24 h biofilms were incubated for 18 h in Mueller Hinton broth
containing meropenem (5 or 10 pyg/mL), ceftazidime (2.5 or 5 yg/mL), ofloxacin (0.5
pg/mL), ciprofloxacin (0.05 pg/mL), tobramycin (2 ug/mL), or combinations of 5 ug/mL
meropenem + either 2 pg/mL tobramycin, 250 pg/mL fluconazole, or 1 pg/mL
amphotericin B. (a) C. albicans does not enhance P. aeruginosa tolerance to 10 pg/mL
meropenem, ceftazidime, ofloxacin, or ciprofloxacin. (b) C. albicans does not enhance
P. aeruginosa tolerance to tobramycin or combination meropenem-tobramycin,
meropenem—fluconazole or meropenem—amphotericin B treatment. Data are the
mean + the SEM from 4 biological replicates. Data were analysed using 2-way ANOVA
and Holm-Sidak’s multiple comparisons test (ns not significant; * P < 0.05; **** P <
0.0001).

3.210 C. albicans protects a P. aeruginosa Cystic Fibrosis isolate from
meropenem

To explore the clinical relevance of the above findings, the ability of C. albicans
to increase the tolerance of clinical P. aeruginosa isolates to meropenem was tested.
Clinical isolates from a non-CF respiratory sample (from Queen Elizabeth Hospital,
Birmingham) and two CF isolates — the Midlands 1 strain (Scott and Pitt, 2004) and
the Liverpool strain (Cheng et al., 1996) — were tested. First, to confirm that these
clinical isolates were susceptible to meropenem, MICs were performed on mono-
species biofilms. Similar to the PAO1 laboratory strain, the Midlands 1 CF isolate was
sensitive to 5 pg/mL meropenem, while the Liverpool CF isolate and the non-CF
respiratory isolate were insensitive to this concentration of meropenem, with a biofilm
MIC of 16 ug/mL for both. When the meropenem-sensitive, P. aeruginosa (Midlands
1) CF isolate was grown in a dual-species biofilm with C. albicans, meropenem was
less effective at killing the P. aeruginosa biofilm cells (Figure 3.13). This suggests that,
in CF patients, co-colonisation with C. albicans may increase the tolerance of P.

aeruginosa to meropenem.
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Figure 3.13. C. albicans enhances meropenem tolerance of the P. aeruginosa CF
(Midlands 1) isolate. Preformed 24 h biofilms were incubated in Mueller Hinton broth
containing no antibiotic or 5 ug/mL meropenem, for 18 h. Data are the mean % the
SEM from 5 biological replicates. Data were analysed using 2-way ANOVA and Holm-
Sidak’s multiple comparisons test (ns not significant; * P < 0.05).

3.3 DIScuUssSION

P. aeruginosa and C. albicans are commonly co-isolated from the sputum of
CF patients (Trejo-Hernandez et al., 2014), where the thickened mucus layer lining
the endothelium of the lower respiratory tract provides an ideal environment for biofilm
formation (Muthig et al., 2010, Wiliams et al., 2016). Chronic P. aeruginosa
colonisation in the CF lung is correlated with increased likelihood of C. albicans
colonisation, indicating a synergistic interaction that leads to a greater decline in lung

function (Dhamgaye et al., 2016, Gileles-Hillel et al., 2015). These data show that C.
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albicans significantly enhanced P. aeruginosa biofilm tolerance to 5 pg/mL
meropenem in both a laboratory strain and a CF isolate. Although the protective effect
was relatively small (<1logio change in P. aeruginosa CFU/mL), this may still have
clinical relevance. For example, the clinical breakpoint of P. aeruginosa for
meropenem is >8 ug/mL (EuCAST, 2020a); this increase in tolerance could push the
required meropenem concentration over the clinical breakpoint, categorising the
infection as meropenem-resistant. This has direct implications for the treatment of CF
patients who present with co-infection in the clinic. Standard doses of meropenem
may become insufficient for treating P. aeruginosa infection, with combination

antibiotic—antifungal therapy being a potentially more effective therapeutic option.

The protective effect of C. albicans was biofilm-specific and dependent upon fungal
ECM components. This is consistent with other reports where C. albicans ECM
components have been shown to provide protection against ofloxacin and vancomycin
in dual-species biofilms with E. coli and S. aureus, respectively (De Brucker et al.,
2015, Kong et al., 2016). However, in contrast to these studies, where C. albicans
ECM components provide protection to a range of antimicrobials, C. albicans ECM
components only increased P. aeruginosa tolerance to 5 ug/mL meropenem. This
suggests the mechanism by which C. albicans ECM components enhance
meropenem tolerance may be different to those proposed for other antibiotics. When
dual-species biofilms were treated with a higher meropenem concentration, of 10
pug/mL, the protective effect from C. albicans was lost. However, 10 pg/mL is greater
than the clinical dose of meropenem (Haagensen et al., 2015), and would result in
more than just the peripheral biofilm bacterial cells being killed, leading to insufficient

numbers for observable C. albicans-mediated tolerance. Considering the effect was
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not seen for other 3-lactam antibiotics (i.e. ceftazidime), this suggests the protective
mechanism may depend on chemical structure, or ability to bind mannan or [3-glucan,

rather than the mode of action of the antibiotic.

Previously, mannan and [-glucan have been shown to bind and sequester
antimicrobials, limiting their diffusion through biofilms (De Brucker et al., 2015).
Therefore, it is possible that the actual concentration of meropenem within dual-
species biofilms is significantly lower. The observation that increased P. aeruginosa
tolerance to meropenem is maintained when mannan and/or glucan are added to
mature biofilms, i.e. at the same time-point as meropenem-treatment, indicates that
the drug is being sequestered by the fungal polysaccharides. Similar interactions have
been observed in dual-species biofilms, in which Streptococcus mutans
exopolysaccharides bind and sequester fluconazole, reducing its efficacy against C.
albicans (Kim et al., 2018). Alternatively, mannans or glucans may coat bacterial cells,
providing a physical barrier that impedes drug permeation, supporting the proposed

mechanism by which S. aureus is protected from vancomycin (Kong et al., 2016).

The finding that the protective effect was observed for one P. aeruginosa PAO1
laboratory strain, but not another, indicates that the effect may be strain-specific and
perhaps dependent upon the structure and composition of the biofilm formed by each
individual strain. It is well known amongst microbiologists that PAO1 strains from
different laboratories, both within and between research institutions, show phenotypic
and genomic variations, resulting in problems of reproducibility between research
groups (Diggle and Whiteley, 2020). Much of the phenotypic variation between

different PAO1 strains manifests as alterations in levels of secreted molecules, such
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as rhamnolipids, siderophores, phenazines, PQS, eDNA, and OMVs (Chandler et al.,
2018). Furthermore, the observed phenotypic variation does not appear to correlate
with genetic changes, and is more likely a result of differential regulation of
transcription and/or translation. Such phenotypic variation may even be observed in
different PAO1 strains obtained from the same parental lineage, which have
undergone continuous microevolution during multiple rounds of storage and culture
(Chandler et al., 2018). On the other hand, the PA14 laboratory strain historically
originates from an environmental isolate, as a plant pathogen (Diggle and Whiteley,
2020), which may explain why it too did not behave similarly to the PAO1 laboratory

strain used throughout this study.

Although C. albicans remains clinically the most commonly isolated Candida species,
the prevalence of NAC species is increasing (Sardi et al., 2013). C. dubliniensis was
the only NAC species that protected P. aeruginosa from meropenem. This finding is
of clinical relevance as, although less common than C. albicans, the prevalence of C.
dubliniensis within CF patients ranges from 2.6-39.0%, and there are cases of C.
dubliniensis being co-isolated with P. aeruginosa from the lower respiratory tracts of
CF patients (Wahab et al., 2014). C. dubliniensis is the most closely related NAC
species to C. albicans and, as a result, their biofilms are structurally similar (Whibley
and Gaffen, 2015, Papon et al., 2013), with networks of yeast and hyphal cells
embedded in a comparable ECM (Ramage et al., 2001). Although the other NAC
species produce biofilms, the compositions of their ECM are considerably different
(Cavalheiro and Teixeira, 2018, Silva et al., 2011), and their biofilms lack hyphae,
which are important for bacterial attachment. SEM imaging confirmed that most

bacteria in the treated dual-species biofilms were attached to fungal hyphae,
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suggesting that this physical interaction is important for protection. This hypothesis is
supported by the fact that removal of O-mannan, which is required for bacterial binding
(Munro et al., 2005, Brand et al., 2008), reduced the ability of C. albicans to protect P.
aeruginosa. However, given that purified carbohydrates were able to provide similar
protection as C. albicans, it would suggest that ECM composition is the major

contributing factor providing antimicrobial protection.

In conclusion, secreted C. albicans ECM polysaccharides protect P. aeruginosa by
reducing the efficacy of meropenem. Clinically, this could result in persistent bacterial
infection due to pockets of protected cells, which may then acquire true resistance as
a result of continued exposure to sub-MIC concentrations of antibiotics. This highlights
the importance of early diagnosis of dual-species biofilm infections, so that more
efficacious therapeutic options, such as combination antibiotic—antifungal therapy, can

be considered.
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4 DUAL-SPECIES RNA SEQUENCING

4.1 INTRODUCTION

The transcriptome of a cell, or a population of cells, refers to the total RNA
transcripts, and their individual quantities, present at a specific point in time and under
specific growth conditions (Wang et al., 2009). By comparing the transcriptomes of
cells grown under different conditions, changes in gene expression can be quantified,
analysed and used to generate testable hypotheses towards understanding
phenotypic changes. In the last decade, RNA sequencing (RNA-seq) has become the
dominant tool for transcriptomic analysis (Stark et al., 2019), overtaking and replacing
the hybridisation-based approach of microarrays (Wang et al., 2009). The inexorable
rise of RNA-seq is thanks to the many advantages of this sequence-based approach
over microarray technology, including: 1) no previous knowledge of the genome
sequence is required; 2) transcriptional sequences can be resolved to single-base
resolution; 3) sequence variations can be detected, such as alternative splicing or
single nucleotide polymorphisms (SNPs); 4) very low background signal, due to the
high resolution of mapping; 5) large dynamic range, whereby transcripts can be
detected at very high or very low levels; and 6) only small amounts of RNA are required

per sample (Wang et al., 2009).

For RNA-seq experiments in which the main aim is to quantify differentially expressed
genes (DEGs), short-read complementary DNA (cDNA) sequencing is the most
appropriate tool (Stark et al., 2019). This generally involves the following steps: 1)
RNA extraction from cell samples; 2) enrichment of mMRNA by either rRNA depletion

or poly(A) tail selection (Zhao et al., 2018); 3) RNA fragmentation; 4) synthesis of
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cDNA fragments of 150—200 base pairs in read length; 5) adaptor ligation; 6) PCR
amplification of cDNA fragments; 7) sequencing, most often done using an lllumina
platform (Stark et al., 2019); and 8) analysis. The first stage of RNA-seq data analysis
is quality control of raw read sequences, such as analysis of GC content and removal
of adaptor sequences (Conesa et al., 2016). For organisms with an available reference
genome, such as is the case for both C. albicans and P. aeruginosa, reads are then
mapped to the reference genome. At this stage an important quality control measure
is the percentage of reads mapped to the reference genome; the expected percentage
of mapped reads is in the region of 90%, but if the value falls below 70%, this is
indicative of poor sequencing accuracy or the presence of DNA contamination
(Conesa et al., 2016). The next stage is quantification of transcripts by measurement
of gene hit counts, after which differential gene expression analysis can be done
between samples, to calculate fold changes in expression for each gene and to identify
statistically significant DEGs (Conesa et al., 2016). From output tables of fold changes
and DEGs, further analyses can be performed, including clustering, e.g. principle
component (PC) analysis, and enrichment analyses, e.g. gene ontology (GO) terms

or pathway analyses (Wolf et al., 2018).

The RNA-seq workflow requires some extra considerations when it is a dual-species
RNA-seq experiment. When mapping reads from a dual-species sample to the
genomes of the two relevant organisms, there are two possible approaches: 1) map
reads to a concatenated genome, made up of both genomes in tandem, or 2) map
reads to each genome separately (Wolf et al., 2018). Although the first option is

computationally easier, it can lead to the discarding of reads that map equally well to

99



both genomes (Wolf et al., 2018), e.g. genes that may have high sequence similarity

between organisms, so may result in the loss of potentially important data.

There are only a few examples in the literature of dual-species RNA-seq being used
as a tool for understanding interactions between co-cultured microbial species. One
example is the interaction between the oral microorganisms, C. albicans and S.
gordonii; this dual-species interaction results in upregulation of C. albicans genes
associated with filamentation and adhesion, whereas the transcriptional response of
the S. gordonii cells is not as dramatic (Dutton et al., 2016b). However, the
transcriptional response of another oral microorganism, S. mutans, to the presence of
C. albicans is more dramatic; there is significant upregulation of genes involved in
carbohydrate transport and metabolism of pyruvate and galactose, but downregulation
of genes involved in bacteriocin production (He et al., 2017). Examples of dual-species
RNA-seq to understand C. albicans—P. aeruginosa interactions include the following
studies. An in vivo murine co-infection study shows downregulation of P. aeruginosa
pyoverdine and pyochelin biosynthetic genes in the presence of C. albicans; this
transcriptional response is replicated in vitro in the presence of C. albicans
supernatant (Lopez-Medina et al., 2015), and the authors propose a link between iron
availability and P. aeruginosa virulence. Towards gaining a greater understanding of
the P. aeruginosa response to C. albicans—produced ethanol (Chen et al., 2014), dual-
species RNA-seq reveals upregulation of P. aeruginosa phoB, which is involved in
regulation of phosphatase activity; this upregulation is lost in the presence of the C.
albicans adh1A/A mutant strain, which does not produce ethanol, but is rescued by
exogenous ethanol (Doing et al., 2020). PhoB is also involved in the production of 5-

methyl-phenazine-1-carboxylic acid (SMPCA), a secreted P. aeruginosa phenazine
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with antifungal activity, suggesting that the interplay between phenazines and C.
albicans-produced ethanol is dependent upon phosphate levels (Doing et al., 2020).
However, at the time of the experiment reported here, there was no published research
utilising dual-species RNA-seq to analyse bacterial-fungal interactions in a biofilm

mode of growth.

This chapter presents the findings from dual-species RNA-seq analysis of P.
aeruginosa—C. albicans biofilms. The aims of the analysis were 1) to determine the
transcriptional responses of P. aeruginosa and C. albicans biofilm cells to one another,
and 2) to determine the transcriptional responses of biofilm cells to treatment with 5

Mg/mL meropenem.

4.2 RESULTS

4.2.1 Scaling up the biofilm assay

In Chapter 3, it was observed that numbers of C. albicans cells recovered from
dual-species biofilms were consistently lower than the numbers recovered from single-
species biofilms, by approximately 2log1o CFU/mL. Towards designing a robust dual-
species RNA-seq experiment, it was necessary to ensure that sufficient numbers of
biofilm cells, of both P. aeruginosa and C. albicans, could be recovered from biofilms
for RNA extraction. Therefore, two major changes were made to the biofilm assay
protocol: 1) the final volume of media per biofilm was scaled up from 200 pL (in 96-
well microtitre plates) to 6 mL (in 6-well plates), and the numbers of cells were scaled
up accordingly; 2) the duration of incubation of mature (24 h) biofilms with 0 or 5 pg/mL
meropenem was reduced from 18 h to 4 h. The scaled-up volume would ensure there

were sufficient numbers of cells of both species for RNA extraction. The reduced
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meropenem incubation time would prevent a large reduction in numbers of C. albicans
cells recovered from dual-species biofilms, relative to single-species, thus ensuring
the observed C. albicans transcriptional changes would not be limited to cell death-

associated processes.

There were four biological replicates of each biofilm sample, which were made up of
three pooled technical replicates. The samples included single- and dual-species
biofilm cells treated with 0 or 5 uyg/mL meropenem, thus there were 24 samples in
total. Prior to sample preparation for the dual-species RNA-seq experiment, 50 pL of
biofilm cells were removed from each sample, for the quantification of biofiim cell

numbers.

There was no significant difference in P. aeruginosa viability between untreated and
meropenem-treated cells (Figure 4.1a), possibly as a result of the reduced
meropenem incubation time. However, there was significantly (P<0.05) increased
viability of meropenem-treated P. aeruginosa cells in dual-species than in single-
species biofilms (Figure 4.1a), suggesting that the protective effect observed in

Chapter 3 was also observed in the scaled-up biofilm.

The C. albicans data showed no significant difference in viability, either between
single-species and dual-species, or between untreated and meropenem-treated
biofiims (Figure 4.1b). Additionally, there was no cross-contamination of single-
species biofilm samples, as shown by the zero recovery of P. aeruginosa cells from
C. albicans single-species biofilms (Figure 4.1a), or C. albicans cells from P.

aeruginosa single-species biofilms (Figure 4.1b).

102



(a)

ns

ns ns ns
- M- | | | | I |
S 10- a
8 o-
T —~
0w T 8-
£E -
()]
S 64
~0
8 =537
x D 47
o
g 3=
g 2-
o
> 1-
< 0-
P. aeruginosa C. albicans Dual-species
single-species single-species
Biofilm
@ No antibiotic @ 5 pg/mL meropenem
(b) ns
| |
1M1= ns
€ 10- | |
=
8 9 ns ns ns
gg] S e,
§5 1 Bg
S i 67
® Q 54
Q o
O 5 4+
o O
o 3-
o
o 2-
X 1
0 ——0000TI1I I I
P. aeruginosa C. albicans Dual-species
single-species single-species
Biofilm
© No antibiotic O 5 ug/mL meropenem

Figure 4.1. Viable counts from the dual-species RNA-seq biofilm samples.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing 0 or 5
Mg/mL meropenem, for 4 h. (a) P. aeruginosa viable counts; (b) C. albicans viable
counts. Data are the mean £ the SEM from 4 biological replicates. Data were analysed
using 2-way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; *
P < 0.05).
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Biofilm cell pellets were snap-frozen and stored at -70°C, before being sent to
Genewiz® for RNA extraction, RNA-seq and bioinformatic analysis. The data from one
biological replicate of C. albicans single-species biofilms were removed from the
analyses, due to a low percentage of mapped reads; however, all other samples
passed quality control (Appendix Il.i.). Sequencing reads and gene hit count tables
from this experiment are available at the Gene Expression Omnibus (GEO) database

(https://www.ncbi.nlm.nih.gov/geo/), under accession number GSE167137.

4.2.2 Exploratory analysis of transcriptional data

Consistent with published RNA-seq analyses, C. albicans transcripts were
considered to be significantly differentially expressed if the adjusted P (Padj) value
was <0.05 and the log, fold change was =1 (Dutton et al., 2016b, Bruno et al., 2015,
Fourie et al., 2021). However, when using these parameters to analyse the P.
aeruginosa data, only two P. aeruginosa transcripts were considered significantly
differentially expressed in response to C. albicans in untreated biofilms, and only one
transcript in meropenem-treated biofilms, making it difficult to draw any biologically
meaningful conclusions. Therefore, the stringency of parameters for P. aeruginosa
DEGs was relaxed so that genes would be considered significantly differentially

expressed if the Padj was <0.05.

Figure 4.2 summarises the numbers of significantly upregulated and downregulated
(Padj = 0.05) transcripts in the P. aeruginosa genome, in response to 1) C. albicans
in untreated biofilms, 2) C. albicans in meropenem-treated biofilms, 3) meropenem
treatment of single-species biofilms, and 4) meropenem treatment of dual-species

biofilms.
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Figure 4.3 summarises the numbers of significantly upregulated and downregulated
(Padj < 0.05 and log, fold change =1) transcripts in the C. albicans genome, in
response to 1) P. aeruginosa in untreated biofilms, 2) P. aeruginosa in meropenem-
treated biofilms, 3) meropenem treatment of single-species biofilms, and 4)

meropenem treatment of dual-species biofilms.

Figure 4.4 provides a roadmap to illustrate the order in which the results from the RNA-

seq analyses are presented and discussed in this chapter.
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Figure 4.2. Summary of transcriptional responses of P. aeruginosa biofilm cells
to C. albicans and to meropenem treatment. Numbers of significantly differentially
expressed transcripts (Padj < 0.05) in P. aeruginosa biofim cells were analysed in
response to: 1) C. albicans in untreated biofilms; 2) C. albicans in biofilms treated with
5 pg/mL meropenem; 3) treatment of single-species biofilms with 5 pg/mL
meropenem; and 4) treatment of dual-species biofilms with 5 yg/mL meropenem.

PA: P. aeruginosa; CA: C. albicans.
Red: numbers of significantly upregulated transcripts; Blue: numbers of significantly
downregulated transcripts.
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Figure 4.3. Summary of transcriptional responses of C. albicans biofilm cells to
P. aeruginosa and to meropenem treatment. Numbers of significantly differentially
expressed transcripts (Padj < 0.05 and log, fold change = 1) in C. albicans biofim cells
were analysed in response to: 1) P. aeruginosa in untreated biofilms; 2) P. aeruginosa
in biofilms treated with 5 uyg/mL meropenem; 3) treatment of single-species biofilms
with 5 yg/mL meropenem; and 4) treatment of dual-species biofilms with 5 ug/mL

meropenem.

CA: C. albicans; PA: P. aeruginosa.
Red: numbers of significantly upregulated transcripts; Blue: numbers of significantly
downregulated transcripts.
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Figure 4.4. Roadmap of results from RNA-seq analyses. The transcriptional
responses of P. aeruginosa and C. albicans biofilm cells to meropenem treatment are
presented first. Transcriptional responses of P. aeruginosa and C. albicans to dual-
species biofilm interactions are presented after this.
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4.2.3 P. aeruginosa biofilm transcriptional response to meropenem

Principle component analysis revealed that untreated single-species P.
aeruginosa biofilm cells formed a separate, distinct population to meropenem-treated
cells (Figure 4.5a). This indicates that much of the variation in transcriptional profiles
between the two conditions can be attributed to the meropenem treatment. In the
meropenem-treated P. aeruginosa biofilm cells, 354 genes were significantly
upregulated (Padj <0.05) and 509 genes were significantly downregulated relative to
untreated cells (Figure 4.5b). The single most significantly upregulated gene in
response to meropenem treatment of single-species P. aeruginosa biofilm cells was
ampC, which encodes a R-lactamase precursor (log, fold change = +7.75; Padj =

1.95x10™2).

Gene ontology (GO) terms provide a universal language for the annotation of genes
or gene products, and are grouped into three categories: biological process, molecular
function, and cellular component (Ashburner et al., 2000). Enrichment analysis of
significant DEGs provides a global overview of over- or under-represented GO terms
using the annotations for the DEG list (Wolf et al., 2018). GO terms analyses of P.
aeruginosa significant DEGs were carried out for all GO terms categories; biological
process (Figure 4.6), molecular function (Figure 4.7), and cellular component (Figure

4.8).
KEGG pathways are a collection of organism-specific maps of molecular pathways

(Kanehisa et al., 2017). KEGG pathway enrichment analysis of a list of significant

DEGs reveals which pathways are over-/under-represented, thus giving an indication
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of cellular activity. Results from KEGG pathway enrichment analyses of P. aeruginosa

significant DEGs are shown in Figure 4.9.

In summary, treatment of single-species P. aeruginosa biofiims with 5 ug/mL
meropenem resulted in significant upregulation of genes involved in maintenance of
bacterial cell membrane and cell wall integrity, biofilm formation and extracellular
polysaccharide biosynthesis, ribosomal structure and translation, siderophore
biosynthesis (specifically pyochelin), type IV pilus formation, and the type VI secretion
system. There was upregulation of genes involved in the twin-arginine translocation
(Tat) secretion pathway, but downregulation of genes involved in the general secretory
(Sec) pathway (Figure 4.9). However, the gene encoding the OprD porin,
downregulation of which is associated with meropenem resistance (Khaledi et al.,
2016), was not significantly differentially expressed (logz fold change = +0.14; Padj =

6.57x10™).
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Figure 4.5. Global transcriptional changes within single-species P. aeruginosa
biofilm cells in response to meropenem treatment. RNA was extracted from
mature (24 h) biofilm cells that had been treated with 0 or 5 yg/mL meropenem for a
further 4h, prior to RNA-seq. (a) Principle Component (PC) analysis of variance
between biological replicates (PA P. aeruginosa). Figure provided by Genewiz®. (b)
Volcano plot of global transcriptional changes. Each dot represents one gene in the
P. aeruginosa genome. Red = significantly upregulated genes (Padj < 0.05); Blue =
significantly downregulated genes.
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Gene Ontology (GO) category:
Biological Process
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Figure 4.6. Distribution of significantly differentially expressed P. aeruginosa genes in the G
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ene Ontology (GO) category

Biological Process, in response to treatment of single-species biofilms with 5 pg/mL meropenem. There were 354 significantly
upregulated and 509 downregulated genes, which were assigned to GO terms under the Biological Process category. (a) Upregulated
terms. (b) Downregulated terms. Data were analysed using Fisher's exact test and Benjamini and Hochberg method for FDR

correction (* FDR < 0.05).
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Gene Ontology (GO) category:
Molecular Function
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Figure 4.7. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Molecular Function, in response to treatment of single-species biofilms with 5 ug/mL meropenem. There were 354 significantly
upregulated and 509 downregulated genes, which were assigned to GO terms under the Molecular Function category. (a)
Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’'s exact test and Benjamini and Hochberg method for
FDR correction (* FDR < 0.05).
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Gene Ontology (GO) category:
Cellular Component
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Figure 4.8. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Cellular Component, in response to treatment of single-species biofilms with 5 pg/mL meropenem. There were 354
significantly upregulated and 509 downregulated genes, which were assigned to GO terms under the Cellular Component category.
(a) Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’'s exact test and Benjamini and Hochberg method
for FDR correction (* FDR < 0.05).
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Figure 4.9. KEGG pathways assigned to significantly differentially expressed P. aeruginosa genes, in response to treatment
of single-species biofilms with 5 pg/mL meropenem. Annotations from the 354 significantly upregulated (a) and 509
downregulated genes (b) were analysed for KEGG pathway enrichment. Data were analysed using Fisher’s exact test and Benjamini

gand Hochberg method for FDR correction (* FDR < 0.05).

115



4.2.4 Effect of C. albicans on P. aeruginosa response to meropenem

To investigate the effect of C. albicans on the response of P. aeruginosa to
meropenem, the P. aeruginosa transcriptional response to meropenem treatment was
analysed in dual-species biofilm cells. Principle component analysis revealed that P.
aeruginosa cells from untreated dual-species biofiims formed a separate, distinct
population to those from meropenem-treated dual-species biofilms (Figure 4.10a).
Furthermore, there was greater variation between transcriptional profiles of treated
cells than untreated cells. Therefore, much of the variation in transcriptional profiles
between the two conditions can be attributed to the meropenem treatment. In the
meropenem-treated dual-species P. aeruginosa biofilm cells, 304 genes were
significantly upregulated (Padj <0.05) and 316 genes were significantly downregulated
relative to untreated dual-species biofilm cells (Figure 4.10b). As was the case with
meropenem treatment of single-species biofilms, the single most significantly
upregulated gene in response to meropenem treatment of dual-species P. aeruginosa

biofilm cells was also ampC (logs fold change = +5.52; Padj = 1.95x10™').

GO terms analyses of significant DEGs were carried out for all categories; biological
process (Figure 4.11), molecular function (Figure 4.12), and cellular component
(Figure 4.13). Results from KEGG pathway enrichment analyses are shown in Figure
4.14. In summary, treatment of dual-species P. aeruginosa—C. albicans biofilms with
5 pg/mL meropenem resulted in significant upregulation of P. aeruginosa genes
involved in cell division, peptidoglycan biosynthesis, biofilm formation and extracellular
polysaccharide biosynthesis, type VI secretion, and siderophore biosynthesis
(specifically pyochelin). These transcriptional responses to meropenem were shared

in common between single-species and dual-species P. aeruginosa biofilm cells. Also
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in common was the non-significant differential expression of oprD (log, fold change =

-0.03; Padj = 9.63x10™).

In contrast to the single-species P. aeruginosa response to meropenem, dual-species
biofilm cells do not show upregulation of genes involved in ribosome structure and
translation; instead, there is significant downregulation of genes involved in amino acid
binding (Figure 4.12b). Therefore, it is possible that the presence of C. albicans may

have an inhibitory effect on translation in P. aeruginosa biofilm cells.
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Figure 4.10. Global transcriptional changes within P. aeruginosa cells in
response to meropenem treatment of dual-species P. aeruginosa—C. albicans
biofilms. RNA was extracted from mature (24 h) biofilm cells that had been treated
with 0 or 5 pg/mL meropenem for a further 4h, prior to RNA-seq. (a) Principle
Component (PC) analysis of variance between biological replicates (PA P.
aeruginosa; CA C. albicans). Figure provided by Genewiz®. (b) Volcano plot of global
transcriptional changes. Each dot represents one gene in the P. aeruginosa genome.
Red = significantly upregulated genes (Padj < 0.05); Blue = significantly
downregulated genes.
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Gene Ontology (GO) category:
Biological Process

(@ cell division * fISAWZ

beta-L-Ara4N-lipid A biosynthetic process
* psIBDEFHI
*ddIAB, murG

extracellular polysaccharide biosynthetic process
peptidoglycan biosynthetic process
positive regulation of proteolysis
regulation of beta-lactamase activity ampC
algR
*estA, psIBDEFHI

positive regulation of single-species biofilm formation
single-species biofilm formation

putrescine biosynthetic process from arginine

protein secretion by the type VI secretion system vgrG1

cell wall organization

DNA recombination

cellular response to heat
cobalamin biosynthetic process
regulation of iron ion transport
response to drug mexC

cellular protein metabolic process

DNA replication

negative regulation of secondary metabolite
biosynthetic process

response to stimulus

(b) putrescine transport
mismatch repair

tryptophan biosynthetic process
response to amino acid

positive regulation of secondary metabolite biosynthetic process
L-serine biosynthetic process

negative regulation of single-species biofilm formation
chemotaxis

recombinational repair

protein secretion by the type V secretion system

cellular protein metabolic process

carbon utilization

dephosphorylation

arginine catabolic process

negative regulation of secondary metabolite biosynthetic process
lipid A biosynthetic process

fatty acid biosynthetic process

DNA repair

cytochrome complex assembly

lipopolysaccharide biosynthetic process

I T
0.0 0.1

T T T T
0.2 03 04 05 06 07 08 09 1.0

Enrichment ratio

* potABCD
*mutS, mhB

* ttpDEG

I T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 1.0

Enrichment ratio

Figure 4.11. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Biological Process, in response to meropenem treatment of dual-species P. aeruginosa—C. albicans biofilms. There were
304 significantly upregulated and 316 downregulated genes, which were assigned to GO terms under the Biological Process category.
(a) Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’'s exact test and Benjamini and Hochberg method

for FDR correction (* FDR < 0.05).
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Gene Ontology (GO) category:
Molecular Function
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Figure 4.12. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Molecular Function, in response to meropenem treatment of dual-species P. aeruginosa—-C. albicans biofilms. There were
304 significantly upregulated and 316 downregulated genes, which were assigned to GO terms under the Molecular Function
category. (a) Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’s exact test and Benjamini and Hochberg
method for FDR correction (* FDR < 0.05).
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Gene Ontology (GO) category:
Cellular Component
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Figure 4.13. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Cellular Component, in response to meropenem treatment of dual-species P. aeruginosa—C. albicans biofilms. There were
304 significantly upregulated and 316 downregulated genes, which were assigned to GO terms under the Cellular Component
category. (a) Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’s exact test and Benjamini and Hochberg
method for FDR correction (* FDR < 0.05).
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Figure 4.14. KEGG pathways assigned to significantly differentially expressed P. aeruginosa genes, in response to
meropenem treatment of dual-species P. aeruginosa—C. albicans biofilms. Annotations from the 304 significantly upregulated
(a) and 316 downregulated genes (b) were analysed for KEGG pathway enrichment. Data were analysed using Fisher’s exact test
and Benjamini gand Hochberg method for FDR correction (* FDR < 0.05).
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4.2.4.1 C. albicans has only a minor effect on the P. aeruginosa biofilm
transcriptional response to meropenem

To further investigate the differences in the transcriptional responses to
meropenem treatment between single- and dual-species P. aeruginosa biofilm cells,
the significantly (Padj < 0.05) upregulated and downregulated genes were compared
using Venn diagrams. Of the genes that were significantly upregulated in response to
treatment with 5 uyg/mL meropenem, 181 (37.9%) genes were shared in common
between single- and dual-species P. aeruginosa biofilm cells, 173 (36.3%) were
unique to single-species cells, and 123 (25.8%) were unique to dual-species cells
(Figure 4.15a). Among the upregulated genes that were unique to the dual-species
meropenem response, there were 3 linked to outer membrane vesicles (paglL, galU
and PA5441) (Choi et al., 2011), 1 involved in cell wall synthesis (ddIA), 3 involved in
biofilm formation (ps/H, psll and algR), and 3 involved in efflux (PA1809, mexC and
PA3314). This suggests that the presence of C. albicans may increase the ability of
P. aeruginosa biofilm cells to form robust biofilms, to secrete molecules via outer

membrane vesicles (OMVs), and to expel molecules via the MexCD-OprdJ efflux pump.

Of the genes that were significantly downregulated in response to meropenem
treatment, 282 (51.9%) genes were shared in common between single- and dual-
species P. aeruginosa biofilm cells, 227 (41.8%) were unique to single-species cells,
while only 34 (6.3%) were unique to dual-species cells (Figure 4.19b). Among the few
downregulated genes that were unique to the dual-species meropenem response,
there were 6 involved in efflux or membrane transport (PA0603, PA0604, mexE, mexF,
PA0860 and PA1051). This suggests that the presence of C. albicans may result in

reduced production of the MexEF-OprN efflux pump in P. aeruginosa biofilm cells.
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In summary, the presence of C. albicans has only a minor effect on the P. aeruginosa
biofilm transcriptional response to meropenem. This is particularly the case for genes

that are significantly downregulated in response to treatment with 5 pg/mL

meropenem.
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Figure 4.15. P. aeruginosa genes that are significantly differentially expressed
in response to meropenem treatment, between single- and dual-species
biofilms. Numbers of significantly upregulated (a) and significantly downregulated (b)
genes (Padj < 0.05), in response to treatment with 5 yg/mL meropenem, are compared
between single- and dual-species biofilms (PA P. aeruginosa; CA C. albicans). Genes
of interest, unique to the dual-species condition, are listed on the right hand side (see

Appendix ILii. for full gene lists).
Venn diagrams generated using Venny 2.1
(https://bioinfogp.cnb.csic.es/tools/venny/index.html)
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4.2.5 C. albicans biofilm transcriptional response to meropenem
4.2.5.1 Single-species C. albicans response to meropenem

To confirm that meropenem has little or no effect on C. albicans, the
transcriptional response of single-species biofilm cells to meropenem treatment was
investigated. Principle component analysis revealed that variation in transcriptional
profiles between the samples overlapped between the two conditions, and did not
separate the samples into two distinct populations (Figure 4.16a). This indicates little
or no transcriptional response to meropenem treatment in single-species C. albicans
biofilm cells. In the meropenem-treated biofilm cells, only one C. albicans gene was
significantly upregulated (Padj <0.05) by at least a log, fold change of one and there
were no significantly downregulate genes, relative to untreated cells (Figure 4.16b).
The significantly upregulated gene was PET18, which encodes a protein with a
predicted heme oxygenase domain (log. fold change +1.46; Padj = 1.26x10™). These
data confirm that single-species C. albicans biofilm cells show a negligible

transcriptional response to treatment with 5 uyg/mL meropenem.
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Figure 4.16. Global transcriptional changes within single-species C. albicans
biofilm cells in response to meropenem treatment. RNA was extracted from
mature (24 h) biofilm cells that had been treated with 0 or 5 pg/mL meropenem for a
further 4h, prior to RNA-seq. (a) Principle Component (PC) analysis of variance
between biological replicates (CA C. albicans). (b) Volcano plot of global
transcriptional changes. Each dot represents one gene in the C. albicans genome.
Red = significantly u(gregulated gene (Padj < 0.05; log fold change = 1). Figures
provided by Genewiz".
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4.2.5.2 Dual-species C. albicans response to meropenem

To determine whether the C. albicans transcriptional response to meropenem
treatment is similar or different between single-species and dual-species biofilm cells,
C. albicans gene expression was analysed between untreated and treated C.
albicans—P. aeruginosa biofilms. As was the case for the single-species comparison,
principle component analysis revealed that variation in transcriptional profiles between
the dual-species samples overlapped between the two conditions, and did not
separate the samples into two distinct populations (Figure 4.17a). Again, this indicates
little or no transcriptional response to meropenem treatment in dual-species C.
albicans biofilm cells. Although a greater number of C. albicans genes were
differentially expressed in response to meropenem treatment of dual-species biofilms,
compared to mono-species, only five were significantly upregulated (Padj < 0.05) by
at least a logz fold change of one and none were significantly downregulated (Figure

4.17b and Table 4.1).

All five of the C. albicans genes that were significantly upregulated in response to
meropenem treatment of dual-species biofiims (ATP9, NAD3, NAD6, COX1, and
CaalfMp08.4) encode proteins that are involved in oxidative phosphorylation at the
mitochondrial membrane (Table 4.1). This suggests that C. albicans cells in dual-
species biofilms may respond to meropenem by increasing the rate of aerobic

respiration.
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Figure 4.17. Global transcriptional changes within C. albicans cells in response
to meropenem treatment of dual-species C. albicans—P. aeruginosa biofilms.
RNA was extracted from mature (24 h) biofilm cells that had been treated with 0 or 5
pug/mL meropenem for a further 4h, prior to RNA-seq. (a) Principle Component (PC)
analysis of variance between biological replicates (CA C. albicans; PA P. aeruginosa).
(b) Volcano plot of global transcriptional changes. Each dot represents one gene in
the C. albicans genome. Red = significantly upregulated genes (Padj < 0.05; log, fold
change = 1). Figures provided by Genewiz®.
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Table 4.1. Significantly differentially expressed C. albicans genes in response
to meropenem treatment of dual-species C. albicans—P. aeruginosa biofilms.
Genes with an adjusted P-value < 0.05 and a log; fold change = 1 were considered
significantly differentially expressed.

Fold
Gene Adjusted
Gene ID Gene product” change
name P-value”
(log2)*

CaalfMp08.4 N/A Putative endonuclease encoded by +1.27  4.00x10™
the first four exons and part of the
fourth intron of the mitochondrial
COX1 gene
CaalfMp08  COX7 Subunit | of cytochrome c oxidase, +1.25 1.41x10%
which is the terminal member of the
mitochondrial (mt) inner membrane
electron transport chain
CaalfMp10  NAD3 Subunit 3 of NADH:ubiquinone +1.23 1.51x10™%
oxidoreductase (NADH:ubiquinone
dehydrogenase), a multisubunit
enzyme complex (complex I) of the
mitochondrial inner membrane that
catalyzes the first step in
mitochondrial respiration
CaalfMp05  ATP9 Subunit 9 of the FO sector of +1.20 8.11x10%
mitochondrial F1FO ATP synthase
CaalfMp02  NAD6 Subunit 6 of NADH:ubiquinone +1.12 7.92x10%
oxidoreductase (NADH:ubiquinone
dehydrogenase), a multisubunit
enzyme complex (complex I) of the
mitochondrial inner membrane that
catalyzes the first step in
mitochondrial respiration
* Gene product details from FungiDB (fungidb.org)

* + upregulated; - downregulated; logz = 1.00 is equivalent to = 2-fold linear change
A Adjusted P-values < 0.05 were considered to be significant
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4.2.6 P. aeruginosa transcriptional response to C. albicans
4.2.6.1 P. aeruginosa response to C. albicans in untreated biofilms

To investigate the impact of dual-species biofilm interactions on bacterial cells,
the transcriptional changes in P. aeruginosa cells between untreated single-species
biofiims and untreated P. aeruginosa—-C. albicans dual-species biofiims were
analysed. Principle component analysis revealed that variation in transcriptional
profiles between the samples overlapped between the two conditions, and did not
separate the samples into two distinct populations (Figure 4.18a). This suggests a
weak transcriptional response to the presence of C. albicans. In the dual-species
biofilm cells, 265 P. aeruginosa genes were significantly upregulated (Padj <0.05) and
127 genes were significantly downregulated relative to single-species biofilm cells

(Figure 4.18b).

GO terms analyses of significant DEGs were carried out for all categories; biological
process (Figure 4.19), molecular function (Figure 4.20), and cellular component
(Figure 4.21). Results from KEGG pathway enrichment analyses are shown in Figure
4.22. In summary, the transcriptional response of P. aeruginosa cells to the presence
of C. albicans, in untreated dual-species biofilms, includes a >2-fold greater number
of genes being significantly upregulated than the number downregulated. Phenazine
biosynthesis was the most highly enriched GO term and KEGG pathway to which
significantly upregulated genes were assigned (Figures 4.18a and 4.21a), suggesting
that there is a large increase in P. aeruginosa phenazine production in response to
the presence of C. albicans cells in dual-species biofilms. There is also significant
upregulation of genes involved in the PQS (Pseudomonas quinolone signal) quorum

sensing pathway (Figure 4.22a) and biosynthesis of the siderophore, pyoverdine
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(Figure 4.19a). Genes that are significantly downregulated in response to the
presence of C. albicans include those involved in type IV pilus biogenesis, the general

secretory (Sec) pathway, and amino acid biosynthesis (Figures 4.18b and 4.21b).
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Figure 4.18. Global transcriptional changes within P. aeruginosa cells in
response to the presence of C. albicans in untreated dual-species biofilms. RNA
was extracted from mature (28 h) biofilm cells prior to RNA-seq. (a) Principle
Component (PC) analysis of variance between biological replicates (PA P.
aeruginosa; CA C. albicans). Figure provided by Genewiz®. (b) Volcano plot of global
transcriptional changes. Each dot represents one gene in the P. aeruginosa genome.
Red = significantly upregulated genes (Padj < 0.05); Blue = significantly
downregulated genes.
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Figure 4.19. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Biological Process, in response to the presence of C. albicans in untreated dual-species biofilms. There were 265 significantly
upregulated and 127 downregulated genes, which were assigned to GO terms under the Biological Process category. (a) Upregulated
terms. (b) Downregulated terms. Data were analysed using Fisher's exact test and Benjamini and Hochberg method for FDR
correction (* FDR < 0.05).
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Gene Ontology (GO) category:
Molecular Function
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Figure 4.20. Distribution of significantly differentially expressed P. aeruginosa genes in the Gene Ontology (GO) category
Molecular Function, in response to the presence of C. albicans in untreated dual-species biofilms. There were 265 significantly
upregulated and 127 downregulated genes, which were assigned to GO terms under the Molecular Function category. (a)
Upregulated terms. (b) Downregulated terms. Data were analysed using Fisher’'s exact test and Benjamini and Hochberg method for
FDR correction.
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Gene Ontology (GO) category:
Cellular Component
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Figure 4.21. Distribution of significantly differentially expressed P. aeruginosa
genes in the Gene Ontology (GO) category Cellular Component, in response to
the presence of C. albicans in untreated dual-species biofilms. There were 265
significantly upregulated and 127 downregulated genes, which were assigned to GO
terms under the Cellular Component category. (a) Upregulated terms. (b)
Downregulated terms. Data were analysed using Fisher's exact test and Benjamini
and Hochberg method for FDR correction (* FDR < 0.05).
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Figure 4.22. KEGG pathways assigned to significantly differentially expressed P. aeruginosa genes, in response to the
presence of C. albicans in untreated dual-species biofilms. Annotations from the 265 significantly upregulated (a) and 127
downregulated genes (b) were analysed for KEGG pathway enrichment. Data were analysed using Fisher’s exact test and Benjamini
gand Hochberg method for FDR correction (* FDR < 0.05).
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4.2.6.2 P. aeruginosa response to C. albicans in meropenem-treated biofilms
To investigate whether the presence of meropenem affects the P. aeruginosa
biofilm response to C. albicans, transcriptional changes in P. aeruginosa cells were
analysed between meropenem-treated single-species biofilms and meropenem-
treated P. aeruginosa—C. albicans dual-species biofilms. As with the untreated
samples discussed above, principle component analysis revealed that variation in
transcriptional profiles between the meropenem-treated samples overlapped between
the two conditions; again, samples did not separate into two distinct populations
(Figure 4.23a), indicating that the presence of C. albicans results in a weak
transcriptional response within P. aeruginosa biofilm cells. In the dual-species biofilm
cells, only one P. aeruginosa gene was significantly upregulated (Padj <0.05) and only
one gene was significantly downregulated, relative to single-species biofilm cells
(Figure 4.23b). The significantly upregulated gene was PA2664 (fhp), which encodes
flavohemoprotein (log; fold change +1.29; Padj 2.97x10?), while the significantly
downregulated gene was PA3995, which encodes a putative transcriptional regulator

(logz fold change -0.51; Padj 3.57x10°®).

The negligible transcriptional response of P. aeruginosa cells to the presence of C.
albicans, in meropenem-treated biofilms, is in contrast to the response that was seen
in untreated biofilms. This suggests that meropenem treatment may have a greater
influence on P. aeruginosa gene expression than does the presence of C. albicans in

the biofilm.
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Figure 4.23. Global transcriptional changes within P. aeruginosa cells in
response to the presence of C. albicans in meropenem-treated dual-species
biofilms. RNA was extracted from mature (24 h) biofilm cells that had been treated
with 5 yg/mL meropenem for a further 4h, prior to RNA-seq. (a) Principle Component
(PC) analysis of variance between biological replicates (PA P. aeruginosa; CA C.
albicans). Figure provided by Genewiz®. (b) Volcano plot of global transcriptional
changes. Each dot represents one gene in the P. aeruginosa genome. Red =
significantly upregulated gene (Padj < 0.05); Blue = significantly downregulated gene.
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4.2.7 C. albicans transcriptional response to P. aeruginosa
4.2.7.1 C. albicans response to P. aeruginosa in untreated biofilms

To investigate the impact of dual-species biofilm interactions on fungal cells,
the transcriptional changes in C. albicans cells between untreated single-species
biofiims and untreated C. albicans—P. aeruginosa dual-species biofiims were
analysed. Principle component analysis revealed that single-species C. albicans
biofilm samples formed a separate, distinct population to those from dual-species
biofims (Figure 4.24a). Furthermore, there was greater variation between
transcriptional profiles of dual-species cells than single-species cells. Therefore, much
of the variation in transcriptional profiles between the two conditions can be attributed
to interactions with P. aeruginosa. In the dual-species condition, 431 C. albicans genes
were significantly upregulated (Padj < 0.05) and 739 genes were significantly
downregulated by at least a logz fold change of one (Figure 4.24b). The single most
significantly upregulated C. albicans gene in response to the presence of P.
aeruginosa was INO1, which encodes inositol-1-phosphate synthase (log, fold change
= +5.02; Padj = 1.51x10%*). This enzyme is required for the production of myo-
inositol, which is involved in several C. albicans cellular processes, including the
production of membrane structures, such as glycosylphosphatidylinositol (GPI)-

anchored proteins (Chen et al., 2008).

GO terms analyses of significant DEGs were carried out for all categories; biological
process (Figure 4.25), molecular function (Figure 4.26), and cellular component
(Figure 4.27). Results from KEGG pathway enrichment analyses are shown in Figure
4.28. In summary, the global transcriptional changes of C. albicans biofilm cells in

response to the presence of P. aeruginosa reveal many more downregulated genes
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than upregulated genes. Of particular note are the downregulation of the ‘ribosome’
KEGG pathway (Figure 4.28b), alongside the high percentage abundances of the
downregulated GO terms, ‘ribosome biogenesis’, ‘translation’, ‘ribosome’ and ‘RNA
binding’ (Figures 4.24—-4.26). These suggest an overall downregulation of protein

synthesis in C. albicans biofilm cells, in response to the presence of P. aeruginosa.
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Figure 4.24. Global transcriptional changes of C. albicans biofilm cells in
response to the presence of P. aeruginosa in untreated dual-species biofilms.
RNA was extracted from mature (28 h) biofilm cells prior to RNA-seq. (a) Principle
Component (PC) analysis of variance between biological replicates (CA C. albicans;
PA P. aeruginosa). (b) Volcano plot of global transcriptional changes. Each dot
represents one gene in the C. albicans genome. Red = significantly upregulated genes
(Padj = 0.05; logz fold change = 1); Blue = significantly downregulated genes. Figures
provided by Genewiz®.
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Gene Ontology (GO) category:
Biological Process
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Figure 4.25. Distribution of significantly differentially expressed C. albicans
genes in the Gene Ontology (GO) category Biological Process, in response to
the presence of P. aeruginosa in untreated dual-species biofilms. There were
431 significantly upregulated and 739 downregulated genes (Padj < 0.05 and logs fold
change 2 1), which were assigned as percentages to 40 GO Slim terms under the
Biological Process category on the Candida Genome Database (CGD). See Tables
S6 and S7 in Appendix IL.iii. for full gene lists.
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Gene Ontology (GO) category:
Molecular Function
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Figure 4.26. Distribution of significantly upregulated and downregulated C.
albicans genes in the Gene Ontology (GO) category Molecular Function, in
response to the presence of P. aeruginosa in untreated dual-species biofilms.
There were 431 significantly upregulated and 739 downregulated genes (Padj < 0.05
and logz fold change = 1), which were assigned as percentages to 25 GO Slim terms
under the Molecular Function category on the Candida Genome Database (CGD). See
Tables S8 and S9 in Appendix Il.iii. for full gene lists.
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Gene Ontology (GO) category:
Cellular Component
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Figure 4.27. Distribution of significantly differentially expressed C. albicans
genes in the Gene Ontology (GO) category Cellular Component, in response to
the presence of P. aeruginosa in untreated dual-species biofilms. There were 431
significantly upregulated and 739 downregulated genes (Padj < 0.05 and log; fold
change 2 1), which were assigned as percentages to 27 GO Slim terms under the
Cellular Component category on the Candida Genome Database (CGD). See Tables
S10 and S11 in Appendix IL.iii. for full gene lists.
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KEGG Pathways
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Figure 4.28. KEGG pathways assigned to significantly differentially expressed C. albicans genes, in response to the
presence of P. aeruginosa in untreated dual-species biofilms. Annotations from the 431 significantly upregulated (a) and 739
downregulated genes (b) were analysed for KEGG pathway enrichment. Data were analysed using Fisher’s exact test and Benjamini
gand Hochberg method for FDR correction (* FDR < 0.05). See Tables S12 and S13 in Appendix IL.iii. for full gene lists.

146



4.2.7.2 C. albicans response P. aeruginosa in meropenem-treated biofilms

To determine whether treatment with 5 yg/mL meropenem had an effect on the
C. albicans biofilm transcriptional response to P. aeruginosa, C. albicans gene
expression profiles of meropenem-treated single- and dual-species biofilms were
compared. Principle component analysis revealed that C. albicans cells from single-
species biofiims formed a separate, distinct population to those from dual-species
biofilms (Figure 4.29a). In comparison to the untreated single-species samples (Figure
4.24a), the transcriptional profiles of meropenem-treated single-species samples
showed greater variance (Figure 4.29a); this may reflect the significant changes in
expression of a small number of C. albicans genes in response to meropenem, which
was previously observed (see section 4.2.5, above). In the meropenem-treated dual-
species C. albicans biofilm cells, 380 genes were significantly upregulated (Padj
<0.05) and 615 genes were significantly downregulated by at least a log fold change
of one, relative to single-species (Figure 4.29b). As was the case with untreated
biofilms, the most significantly upregulated C. albicans gene in response to the
presence of P. aeruginosa in meropenem-treated biofilms was INO7 (log. fold change

= +5.18; Padj = 1.32x10%%),

GO terms analyses of significant DEGs were carried out for all categories; biological
process (Figure 4.30), molecular function (Figure 4.31), and cellular component
(Figure 4.32). Results from KEGG pathway enrichment analyses are shown in Figure
4.33. In summary, the global transcriptional changes of C. albicans cells, in response
to the presence of P. aeruginosa in meropenem-treated biofilms, are very similar to
those observed in untreated biofilms. As a result, the enriched GO terms and KEGG

pathways are similar between the two comparisons. This is consistent with the
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previous observation that meropenem treatment has very little transcriptional effect on

C. albicans biofilm cells.
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Figure 4.29. Global transcriptional changes of C. albicans biofilm cells in
response to the presence of P. aeruginosa in meropenem-treated dual-species
biofilms. RNA was extracted from mature (24 h) biofilm cells that had been treated
with 5 yg/mL meropenem for a further 4h, prior to RNA-seq. (a) Principle Component
(PC) analysis of variance between biological replicates (CA C. albicans; PA P.
aeruginosa). (b) Volcano plot of global transcriptional changes. Each dot represents
one gene in the C. albicans genome. Red = significantly upregulated genes (Padj <
0.05; logz fold change = 1); Blue = significantly downregulated genes. Figures provided
by Genewiz®.
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Figure 4.30. Distribution of significantly differentially expressed C. albicans
genes in the Gene Ontology (GO) category Biological Process, in response to
the presence of P. aeruginosa in meropenem-treated dual-species biofilms.
There were 380 significantly upregulated and 615 downregulated genes (Padj < 0.05
and log; fold change 2 1), which were assigned as percentages to 40 GO Slim terms
under the Biological Process category on the Candida Genome Database (CGD). See
Tables S14 and S15 in Appendix Il.iv. for full gene lists.
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Gene Ontology (GO) category:
Molecular Function
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Figure 4.31. Distribution of significantly differentially expressed C. albicans
genes in the Gene Ontology (GO) category Molecular Function, in response to
the presence of P. aeruginosa in meropenem-treated dual-species biofilms.
There were 380 significantly upregulated and 615 downregulated genes (Padj < 0.05
and log; fold change 2 1), which were assigned as percentages to 25 GO Slim terms
under the Molecular Function category on the Candida Genome Database (CGD). See
Tables S16 and S17 in Appendix Il.iv. for full gene lists.
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Gene Ontology (GO) category:
Cellular Component
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Figure 4.32. Distribution of significantly differentially expressed C. albicans
genes in the Gene Ontology (GO) category Cellular Component, in response to
the presence of P. aeruginosa in meropenem-treated dual-species biofilms.
There were 380 significantly upregulated and 615 downregulated genes (Padj < 0.05
and logz fold change = 1), which were assigned as percentages to 27 GO Slim terms
under the Cellular Component category on the Candida Genome Database (CGD).
See Tables S18 and S19 in Appendix IL.iv. for full gene lists.
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KEGG Pathways
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Figure 4.33. KEGG pathways assigned to significantly differentially expressed C. albicans genes, in response to the
presence of P. aeruginosa in meropenem-treated dual-species biofilms. Annotations from the 380 significantly upregulated (a)
and 615 downregulated genes (b) were analysed for KEGG pathway enrichment. Data were analysed using Fisher’'s exact test and
Benjamini gand Hochberg method for FDR correction (* FDR < 0.05). See Tables S20 and S21 in Appendix Il.iv. for full gene lists.
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4.3 DISCUSSION

4.3.1 P. aeruginosa transcriptional responses

When grown as dual-species biofilms with C. albicans, the most significantly
upregulated pathway in P. aeruginosa biofilm cells was phenazine biosynthesis. This
supports previous research showing C. albicans—mediated induction of phenazine
production in P. aeruginosa (Doing et al., 2020, Cugini et al., 2010). Phenazine
biosynthesis is controlled by enzymes encoded by two phenazine operons,
phzA1B1C1D1E1F1G1 (phz1) and phzA2B2C2D2E2F2G2 (phz2), which have 98%
sequence similarity, but are located on different parts of the P. aeruginosa PAO1
chromosome and have different promoter regions (Mavrodi et al., 2001, Higgins et al.,
2018). All genes from both phenazine operons were significantly upregulated in dual-
species biofilms. Phenazines are redox-active molecules that affect the redox balance
of cells, the uptake of metabolites, gene expression, and have also been shown to
enhance P. aeruginosa tolerance to the antibiotic, ciprofloxacin (Schiessl et al., 2019).
Therefore, the presence of C. albicans may promote antibiotic tolerance in P.
aeruginosa biofilm cells, via upregulation of phenazine biosynthetic genes, which has

clinical implications for the treatment of co-infected patients.

There was also significant upregulation of the P. aeruginosa quorum sensing pathway
in response to C. albicans; specifically, all genes of the pgsABCDE operon were
significantly upregulated. The pgs operon encodes several enzymes required for
production of the Pseudomonas quinolone signal (PQS) (Higgins et al., 2018).
Furthermore, abundance of the PgskE enzyme results in increased promoter activity of
both the phz1 and phz2 operons, thus controlling phenazine biosynthesis (Cugini et

al., 2010, Higgins et al., 2018). Previous research shows that farnesol, secreted by C.
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albicans, is responsible for inhibition of P. aeruginosa PQS production in planktonic
interactions (Méar et al., 2013). However, in biofilm interactions, the presence of C.
albicans leads to high levels of PQS (Cugini et al., 2010), which corroborates the
observed upregulation of the pgs operon in the present study. PQS is known to be
activated under conditions of iron limitation, leading to the production of phenazines
and siderophores (Thi et al., 2020), the latter of which scavenge iron from the
environment (Diggle and Whiteley, 2020). Within P. aeruginosa biofilms, phenazines
are thought to mop up molecular oxygen from oxic regions of the extracellular matrix,
and release the oxygen to cells in anoxic regions of the biofilm (Saunders et al., 2020).
Furthermore, the siderophore biosynthetic genes, pvdG, pvdL and pvdQ, which
encode proteins involved in the synthesis of pyoverdine, were also significantly
upregulated in response to C. albicans. Therefore, the significant upregulation of P.
aeruginosa genes required for the biosynthesis of PQS, phenazines and pyoverdine
may be due to reduced availability of oxygen and iron, caused by nutrient competition

between P. aeruginosa and C. albicans cells within the dual-species biofilm.

In contrast to untreated biofilms, there was a negligible transcriptional response to the
presence of C. albicans in P. aeruginosa biofilms cells that had been treated with 5
Mg/mL meropenem. This suggests that, upon antibiotic treatment, the P. aeruginosa
transcriptional response to meropenem overrides the response to C. albicans. This is
supported by the observation that the majority of significant changes in gene
expression, in response to meropenem treatment, are shared between single-species
and dual-species P. aeruginosa biofilm cells. In both cases, the gene with the greatest
log. fold increase in expression was ampC, which encodes a R-lactamase precursor.

This supports a previous study of the P. aeruginosa biofilm transcriptional response to
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treatment with a carbapenem antibiotic, which also found ampC to be the gene with
the greatest positive fold change in expression, by a large margin relative to all other
genes in the genome (Bagge et al., 2004). Upregulation of ampC is associated with
increased resistance to R-lactam antibiotics (Khaledi et al., 2016). Another gene
associated with meropenem resistance is oprD, which encodes the outer membrane
porin (OprD) that is known to facilitate entry of carbapenem antibiotics into bacterial
cells; oprD is therefore frequently found to be downregulated in meropenem-resistant
strains, with the caveat that there is often a poor correlation between mRNA levels
and protein levels (Khaledi et al., 2016). Nevertheless, in the present study, oprD was
not significantly differentially expressed in response to meropenem treatment, neither

in single-species nor dual-species P. aeruginosa biofilm cells.

There were many transcriptional changes in common between single- and dual-
species P. aeruginosa biofilm cell responses to meropenem. There was upregulation
of peptidoglycan biosynthetic genes murC, murD, murE, murG, ddIB and mraY, and
D-glutamine and D-glutamate metabolism genes murC and murD; this has previously
been observed with imipenem treatment (Bagge et al., 2004). Meropenem treatment
also resulted in upregulation of genes encoding cell division proteins (ftsA, fisW and
ftsZ), which was also previously observed in response to imipenem (Bagge et al.,
2004). Increased peptidoglycan production and cell division, as a response to
treatment with a R-lactam antibiotic, may be a mechanism of counteracting the

inhibitory effect of the antibiotic on cell wall biosynthesis.

Single-species and dual-species P. aeruginosa biofilm cells responded to meropenem

treatment by upregulating extracellular polysaccharide biosynthetic genes, including
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psIB, psID, pslE and psiIF. The polysaccharide Psl is known to enhance intercellular
and cell-substrate interactions within biofilms, and protects the structure of the biofilm
(Passos da Silva et al., 2019). The psID gene in particular appears to play an important
role in biofilm formation, as it is commonly found in biofilm-forming clinical isolates of
P. aeruginosa (Kamali et al., 2020). Furthermore, Psl is thought to enhance P.
aeruginosa biofilm tolerance to antibiotics, such as colistin, tobramycin, and
ciprofloxacin, by sequestration of antibiotic molecules (Hall and Mah, 2017). Another
significantly upregulated gene involved in biofilm formation was /asR, which encodes
a transcriptional activator of elastase expression (Cugini et al., 2010) and plays a
major role in quorum sensing; the Las system sits at the head of the hierarchical P.
aeruginosa QS cascade (Thi et al., 2020). Therefore, meropenem treatment results in
enhanced P. aeruginosa biofilm formation and extracellular matrix structural integrity.
This may have the consequence of impeding diffusion of meropenem towards cells

within the biofilm.

Another set of genes that were upregulated in both single- and dual-species biofilm
cells were those encoding components of the type VI secretion system (T6SS): ppkA
and pppA, which encode regulatory threonine kinase/phosphatase proteins; clpV1,
which encodes an ATPase; icmF1, which encodes an inner membrane protein; and
vgrG1 and hcp1, which encode secreted effector proteins of the T6SS (Chen et al.,
2020). Although there has been no previous research linking antibiotic treatment to
upregulation of T6SS activity in P. aeruginosa, this has been observed in both A.
baumannii and K. pneumoniae (Wang et al., 2018, Liu et al., 2017). An A. baumannii
AvgrG knockout strain showed enhanced resistance to ampicillin/sulbactam (Wang et

al., 2018), while sub-inhibitory concentrations of meropenem or ceftazidime induced
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expression and secretion of the T6SS ATPase, ClpV, and the effector protein, Hcp
(hemolysin-coregulated protein) (Liu et al., 2017). The structure of the T6SS bears
similarities to the cell-puncturing needle of bacteriophage viruses; the roles of the
T6SS in P. aeruginosa include virulence within hosts, delivery of toxins to neighbouring
microbes that are competing for resources, and biofilm formation (Chen et al., 2015,
Chen et al., 2020). Therefore, upregulation of T6SS genes in response to meropenem
treatment may be another mechanism, alongside upregulation of genes encoding Psl,
by which P. aeruginosa cells enhance biofilm formation, as a mechanism for

enhancing antibiotic tolerance.

The most enriched KEGG pathway to which significantly upregulated genes were
assigned was biosynthesis of siderophore group non-ribosomal peptides. The specific
P. aeruginosa genes that were upregulated in both single- and dual-species
responses to meropenem were pchA, pchB, pchE, pchF and pchG, which encode
proteins involved in the synthesis of pyochelin. Pyochelin is one of two siderophores,
along with pyoverdine, that is produced by P. aeruginosa for scavenging iron from
iron-limited environments (Diggle and Whiteley, 2020). The significant upregulation of
pyochelin biosynthetic genes in response to meropenem treatment suggests that iron
acquisition may be important in the bacterial response to meropenem. This is
supported by research showing that iron supplementation of anaerobically grown P.
aeruginosa biofilms confers resistance to meropenem by inducing a 4-fold increase in
the MIC (Reid et al., 2009). Therefore, upregulation of pyochelin biosynthetic genes,
for enhanced iron uptake, may be an antibiotic resistance mechanism employed by

cells located in anaerobic regions of P. aeruginosa biofilms. This indicates that
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combination treatment of P. aeruginosa biofilm infections, with meropenem and an

iron chelator, may be more effective than meropenem alone.

Some differences between the single- and dual-species P. aeruginosa responses to
meropenem were the upregulation of genes encoding proteins involved in translation
of mMRNA to protein (rplB, rplE, rpld, rpIN, rplP, rplV, rplW, rplX, romC, rpsC, rpsQ,
rpsS, tufA and tufB), and proteins involved in the tricarboxylic acid cycle (sucA, sucC,
sucD and sdhB) and cytochrome-c oxidase activity (ccoO2, ccoP2 and ccoQ?2); these
genes were significantly upregulated in single-species P. aeruginosa biofilm cells, but
not in dual-species. This indicates that single-species P. aeruginosa biofilm cells
upregulate both aerobic respiration and protein production in response to treatment
with 5 pg/mL meropenem, but this does not occur when C. albicans is present in the

biofilm.

To further understand the differences between single- and dual-species P. aeruginosa
biofilm responses to meropenem, genes that were uniquely differentially regulated in
the dual-species biofilms were focused upon. In Chapter 3, it was observed that the
presence of C. albicans enhanced meropenem tolerance of P. aeruginosa in dual-
species biofilms. Among the genes uniquely upregulated in meropenem-treated, dual-
species P. aeruginosa biofilm cells, were three genes associated with biofilm
formation: psi/H, psl/l and algR. The ability of Psl to enhance P. aeruginosa biofilm
tolerance to antibiotics (Hall and Mah, 2017) was discussed earlier. Upregulation of
algR indicates increased alginate production, which is the P. aeruginosa
exopolysaccharide that is responsible for a mucoid phenotype and is associated with

the increased antibiotic resistance of strains isolated from CF patients (Lee and Yoon,
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2017). Enhanced P. aeruginosa biofilm production, via upregulation of alginate
biosynthesis, has been observed in a previous study (Phuengmaung et al., 2020).
Therefore, further investigation into the role of alginate in enhancing meropenem

tolerance of dual-species biofilm cells is warranted.

There were three P. aeruginosa genes associated with outer membrane vesicles
(OMVs), which were uniquely upregulated in meropenem-treated, dual-species P.
aeruginosa biofilm cells. This suggests a potential increase in OMV production in the
presence of C. albicans. P. aeruginosa OMVs play various roles in biofilms, including
secretion of the PQS molecule, as well as other signal molecules, and the release of
extracellular DNA into the biofilm matrix (Thi et al., 2020). Furthermore, it has been
shown that P. aeruginosa OMVs can package and secrete the chromosomally-
encoded R-lactamase enzyme (Ciofu et al., 2000). Although the OMV study was done
with planktonic cultures, it is feasible to hypothesise that a similar phenomenon may
occur in P. aeruginosa biofilms, so further investigation into the role of OMVs in

antibiotic tolerance of biofilm cells would be an interesting avenue to explore.

Another set of genes that were uniquely differentially regulated within dual-species P.
aeruginosa cells, in response to meropenem treatment, were genes encoding efflux
pump proteins. Of particular note were the significant upregulation of mexC and the
significant downregulation of mexE and mexF. This indicates that, in the presence of
C. albicans, P. aeruginosa biofilm cells may respond to meropenem by increasing
production of the MexCD-OprJ efflux pump, but decreasing production of MexEF-
OprN. There are six RND family efflux pumps in P. aeruginosa: MexAB-OprM, MexCD-

Oprd, MexEF-OprN, MexJK-OprM, MexXY-OprM and MexGHI-OpmD (Hulen et al.,
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2020). Of these, MexAB-OprM and MexXY-OprM are most frequently associated with
resistance to carbapenem antibiotics (Fusté et al., 2013), but MexCD-OprdJ is also
thought to be linked with meropenem resistance (Hassuna et al., 2020). Although
upregulation of the mexC gene does not necessarily equate to increased production
of the entire MexCD-OprJ efflux pump complex, it can be hypothesised that efflux of
meropenem may be increased in the presence of C. albicans. RNA-seq analysis also
revealed significant upregulation of two genes, and significant downregulation of three
genes, associated with ABC transporters in meropenem-treated, dual-species P.
aeruginosa biofilm cells. Very little is known about the role of ABC transporters in P.
aeruginosa drug tolerance (Hulen et al., 2020). Therefore, it would be interesting to
carry out proteomic analyses of single- and dual-species biofilms to quantify levels of
the various P. aeruginosa efflux proteins, and to measure efflux activity in P.

aeruginosa—C. albicans biofilm interactions.

4.3.2 C. albicans transcriptional responses

Meropenem is an antibiotic that specifically targets PBPs in bacterial cell walls
(Papp-Wallace et al., 2011). The absence of this drug target in fungal cells means that
meropenem should not affect C albicans. This is confirmed by the lack of
transcriptional response to treatment with 5 ug/mL meropenem, in either single- or
dual-species C. albicans biofilm cells. Furthermore, viable counts showed no
significant difference in numbers of C. albicans cells recovered between untreated and
meropenem-treated biofilms, either from single-species or dual-species biofilms. The
overall transcriptional changes within C. albicans biofilm cells, in response to the
presence of P. aeruginosa, were very similar between untreated and meropenem-

treated biofilms. This was confirmed by the similarity of outcomes in GO term and
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KEGG pathway enrichment analyses, and by the large proportion of significantly
differentially regulated genes that were shared between the two comparisons. This
provides further confirmation that treatment of single- or dual-species biofilms with 5

Mg/mL meropenem has little to no effect on C. albicans.

Among the C. albicans responses to the presence of P. aeruginosa was the
downregulation of genes assigned to the filamentous growth’ GO term. This supports
the observation that P. aeruginosa inhibits hyphal formation in C. albicans biofilm cells
(Morales et al., 2013, Hogan et al., 2004, Grainha et al., 2020). One of the most
enriched pathways among the downregulated genes was the ribosome pathway,
accompanied by enrichment of the ‘translation’ GO term. This inhibition of translation
in C. albicans biofilm cells, in response to P. aeruginosa interactions, is in agreement

with previous research (Fourie et al., 2021).

Downregulation of C. albicans carbon metabolism and glycolysis/gluconeogenesis
pathways was also observed in response to P. aeruginosa, indicating reduced
respiratory rates in fungal cells. This is supported by published data showing that P.
aeruginosa inhibits respiration in C. albicans (Trejo-Hernandez et al., 2014) and that
this is associated with P. aeruginosa phenazine production (Morales et al., 2013).
Another C. albicans pathway that is significantly downregulated, in response to P.
aeruginosa interactions, is the ergosterol biosynthesis pathway (represented by the
‘steroid biosynthesis’ KEGG pathway). This observation is in contrast with previous
research showing that the P. aeruginosa quorum sensing molecule, 30-C1,-HSL (N-
3-oxo-dodecanoyl-L-homoserine lactone), upregulates expression of ergosterol

biosynthetic genes (Bandara et al., 2020b). The difference in C. albicans
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transcriptional responses between these datasets may be attributed to differences in
the growth conditions, as the methods employed by Bandara et al. (2020b) involved
supplementation of single-species C. albicans biofilms with purified 30-C42-HSL,
rather than growth of dual-species biofilms. This highlights the importance of studying

microbes and not just their purified products.

The most significantly upregulated C. albicans gene, in response to dual-species
biofilm growth with P. aeruginosa, in both untreated and meropenem-treated biofilms,
was INO1, suggesting upregulation of the myo-inositol pathway. Myo-inositol is an
essential component for the formation of GPl-anchors (Chen et al., 2008). In C.
albicans cells, GPl-anchored proteins include chitinases, aspartyl proteinases,
superoxide dismutases, hyphal cell wall protein, N-linked mannoproteins and R-
glucan—associated cell wall proteins (Plaine et al., 2008). Therefore, the upregulation
of INO1 may indicate increased cell wall remodelling of C. albicans in response to

interactions with P. aeruginosa.

One of the most enriched fungal pathways to which upregulated genes were assigned,
in response to P. aeruginosa biofilm interactions, was a-linolenic acid metabolism,
which is part of the C. albicans fatty acid oxidation pathway that occurs within
peroxisomes (Piekarska et al., 2006). This was accompanied by enrichment of the
peroxisome cellular component in GO term analysis. As well as fatty acid oxidation,
another role of fungal peroxisomes is in detoxifying hydrogen peroxide (Chen et al.,
2016). The upregulation of genes associated with peroxisomes suggests that the
presence of P. aeruginosa is linked to oxidative stress in C. albicans biofilm cells. This

supports published research showing that P. aeruginosa phenazines induce the
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production of reactive oxygen species (ROS) in fungal cells (Morales et al., 2010,
Morales et al., 2013, Briard et al., 2015). Furthermore, upregulation of C. albicans
arginine biosynthetic genes has previously been observed as a response to increased
levels of ROS (Jiménez-Lopez et al., 2013), which supports the observed upregulation
of arginine biosynthesis pathway genes in the present study, in response to biofilm
interactions with P. aeruginosa. The upregulation of genes associated with oxidative
stress responses have been observed in previous research into the C. albicans
transcriptional response to P. aeruginosa (Fourie et al., 2021, Grainha et al., 2020,

Doing et al., 2020).

A study reporting the transcriptional response of C. albicans to P. aeruginosa in a dual-
species biofilm was published online very recently (Fourie et al., 2021). However, at
the time of writing, Fourie ef al. (2021) had not yet made their transcriptomic data or
supplementary tables publicly available, which unfortunately prevented the detailed
comparing and contrasting of their findings to those of the present study. In brief, the
study reported data from single-species RNA-seq of C. albicans transcripts taken from
early static mono- and dual-species biofilms. The biofilms were grown in RPMI, in 9
cm Petri dishes covered in Parafilm, for 6 h at 37°C (Fourie et al., 2021). Under these
conditions, 653 C. albicans ORFs were significantly upregulated and 264 significantly
downregulated at a logz fold change threshold of 21, in response to the presence of
P. aeruginosa (Fourie et al., 2021). In contrast to the present study, the experimental
set-up did not include a distinct adhesion phase and also promoted anaerobic growth.
This may explain why the transcriptional changes observed in the study were

dominated by responses to hypoxia and stress (Fourie et al., 2021). Despite the
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differences in experimental set-up, a more detailed comparison of the data against the

findings of the present study may be insightful.

4.3.3 Conclusions

In dual-species P. aeruginosa—C. albicans biofilms, P. aeruginosa cells
respond by upregulating genes associated with quorum sensing, including
biosynthesis of PQS, phenazines and pyoverdine. This indicates that the bacterial
cells are responding to limited oxygen and iron availability. Meanwhile, C. albicans
cells respond by downregulating genes associated with ribosomes and translation,
whilst upregulating genes associated with peroxisomal activity and arginine
biosynthesis. This suggests that fungal cells are responding to oxidative stress.
Hyphal formation is inhibited in dual-species C. albicans biofilm cells, as is ergosterol
biosynthesis, thus indicating a major impact on fungal morphology and membrane

integrity.

Treatment of biofilms with 5 yg/mL meropenem has no effect on C. albicans cells.
Meanwhile, P. aeruginosa biofilm cells respond to the antibiotic by upregulating
transcription of the chromosomally-encoded R-lactamase gene, as well as genes
associated with cell division and pyochelin biosynthesis. This suggests a link between
iron availability and meropenem activity. Furthermore, there is upregulation of genes
associated with biofilm production, including Las, Psl and T6SS genes, indicating
enhanced biofilm extracellular matrix production as a tolerance mechanism against
meropenem treatment. When dual-species biofilms are treated with meropenem, P.
aeruginosa responds by upregulating even more genes encoding extracellular matrix

components, including Psl and alginate.
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In summary, the transcriptional responses observed in dual-species biofilms suggest
that interaction with C. albicans may augment the P. aeruginosa response to
meropenem treatment, by upregulating transcription of additional biofilm

exopolysaccharide genes.
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5 PSEUDOMONAS AERUGINOSA POTENTIATES AMPHOTERICIN B
ACTIVITY AGAINST CANDIDA ALBICANS IN A DUAL-SPECIES

BIOFILM

Parts of this chapter have been previously published:

Alam, F., Catlow, D., Di Maio, A., Blair, J. M. A. and Hall, R. A. (2020) ‘Candida

albicans enhances meropenem tolerance of Pseudomonas aeruginosa in a dual-

species biofilm’, J Antimicrob Chemother, 75(4), pp. 925-935.
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5.1 INTRODUCTION

The ability of Candida species to form biofilms has severe clinical implications.
In a study of candidaemia patients at a hospital in Hungary, Candida isolates that were
intermediate- or high-level biofilm producers, based on biomass and metabolic activity,
were associated with a 61% increase in mortality (Vitalis et al., 2020). Among Candida
isolates originating from fatal infections, 85% of C. albicans isolates were
intermediate- or high-level biofilm producers, while all C. tropicalis, C. parapsilosis and
C. glabrata isolates showed this phenotype (Vitalis et al., 2020). The entry of Candida
cells into the bloodstream is frequently due to implanted medical devices, on which
biofilms readily form; in fact, 70-80% of cases of candidemia are associated with
central venous catheters (Rodrigues et al., 2019). The ineffectiveness of azoles
against Candida biofilms means that, if biofilm formation is suspected on a medical
device, removal of the medical device is a more viable option than antifungal

treatment, despite the invasiveness of the procedure (Lohse et al., 2018).

The mechanisms by which C. albicans biofilm cells exhibit increased resistance to
antifungal drugs, relative to planktonic cells, is an active field of research. Resistance
mechanisms in C. albicans biofilms include upregulation of efflux pump genes, drug
sequestration by matrix polymers, and development of persister cells (Lohse et al.,
2018). More recently, it has been shown that extracellular vesicles (EVs) produced by
C. albicans biofilm cells are different to those produced by planktonic cells, and are
involved in transporting biofilm extracellular matrix material and enhancing fluconazole
resistance of C. albicans biofilms (Zarnowski et al., 2018). Furthermore, C. albicans

cellular morphogenesis is linked with antifungal susceptibility; enhanced hyphal
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formation, which is seen in the biofilm mode of growth, is associated with increased

tolerance to antifungal treatment (Sharma et al., 2019).

It is already known that single-species C. albicans biofilms are highly resistant to
fluconazole, which is the most commonly used antifungal drug for treating Candida
infections (Lohse et al., 2018). In a study aiming to establish biofilm inhibitory
concentrations of antifungals, C. albicans biofilms were completely resistant to the
highest fluconazole concentration tested (1,024 ug/mL) (Uppuluri et al., 2011). This is
considerably greater than the fluconazole MIC for planktonic C. albicans cells (4
pug/mL) (EuCAST, 2020b). C. albicans biofilm resistance to azoles is mainly attributed
to the overexpression of efflux pumps (Pereira et al., 2020), but can also be due to
drug interactions with matrix polysaccharides, or the upregulation of genes in the

ergosterol biosynthesis pathway (Silva et al., 2017).

The increase in inhibitory concentrations of amphotericin B (AmB) between planktonic
and biofilm C. albicans cells is not as dramatic as for fluconazole. The AmB MIC for
planktonic C. albicans cells is 1 yg/mL (EuCAST, 2020b), increasing to 4 ug/mL for
>50% inhibition of biofilm cells, and 16 ug/mL for >80% biofilm inhibition (Uppuluri et
al., 2011). The standard treatment for systemic mycoses originally involved a daily
dose of 50 mg AmB, administered as 0.6—1.0 mg/kg given intravenously over 4—-6
hours, resulting in a maximum serum concentration of 2.01 pg/mL (Fields Jr. et al.,
1970). The method of AmB administration has changed over recent years, due to
infusion-related adverse events, such as deterioration of renal function (Bellmann and
Smuszkiewicz, 2017). For the AmB deoxycholate formulation, a 1 mg test dose is first

given to identify intolerant patients, in whom the severity of infusion-related adverse
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events is too great. For AmB-tolerant patients, 0.25-0.3 mg/kg is administered once
daily, later increasing to the maintenance dose of 0.6—1.0 mg/kg (or up to 1.5 mg/kg
per day for highly resistant fungi) (Bellmann and Smuszkiewicz, 2017). Following
these standard doses of AmB, the peak serum concentration is 1.7-2.8 pg/mL
(Bellmann and Smuszkiewicz, 2017). In patients treated for invasive pulmonary
mycoses, the concentration of AmB found in the lung epithelial lining fluid is 1.29 +0.71
pug/mL for the AmB lipid complex formulation, and 1.60 £0.58 ug/mL for liposomal AmB
(Weiler et al., 2009). Although resistance to amphotericin B treatment remains a rare
occurrence in clinical settings, its relatively high cost and potential nephrotoxicity mean

that it remains a second-line treatment for fungal infections (Pereira et al., 2020).

A complicating factor for the treatment of C. albicans biofilm infections is that biofilms
are often made up of multiple infecting species, the interactions between which can
impact the effectiveness of antimicrobial treatment (Ponde et al., 2021). Altered
antifungal tolerance has been observed in dual-species biofilms of C. albicans and
Cutibacterium acnes, which both contribute to infections on the surfaces of prosthetic
joints (Bernard et al., 2018). C. acnes adheres to both yeast and hyphal forms of C.
albicans, but does not affect fungal viability (Bernard et al., 2018). Single-species C.
albicans biofilms show 70-90% fungal mortality when treated with micafungin,
whereas the presence of C. acnes in a dual-species biofilm protects C. albicans cells
from the action of micafungin, reducing fungal mortality to 35-40% (Bernard et al.,
2018). Another biofilm interaction commonly found on medical devices is between C.
albicans and Staphylococcus epidermidis, particularly in catheter-associated
infections (Adam et al., 2002). In an in vitro catheter disk model of dual-species biofilm

infection, extracellular polymers, produced by the S. epidermidis RP62A strain, inhibit
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penetration of fluconazole through the biofilm matrix, enhancing fluconazole tolerance

of the C. albicans biofilm cells (Adam et al., 2002).

In the oral cavity, C. albicans interacts with Streptococcus mutans, forming biofilms
that can lead to tooth decay in children (Kim et al., 2018). S. mutans secretes an
exoenzyme, GtfB, which binds to mannans on the C. albicans cell surface and
catalyses the production of bacterial a-glucans, which reinforce the structure of the
dual-species biofilm extracellular matrix (Hwang et al., 2017). These S. mutans a-
glucans have been shown to impede the diffusion of fluconazole, thus enhancing the
fluconazole tolerance of C. albicans cells within the dual-species biofilm (Kim et al.,
2018). Another Gram-positive bacterial species that interacts with C. albicans is
Staphylococcus aureus, causing co-infections of burn wounds, indwelling medical
devices, and the CF lung (Kean et al., 2017). S. aureus cells tightly attach to the
hyphae of C. albicans biofilm cells, aided by extracellular DNA within the biofilm matrix;
this enhances the biofilm-forming ability of the S. aureus cells, whilst also enhancing

the tolerance of C. albicans to miconazole (Kean et al., 2017).

As discussed in previous chapters, the physical and chemical interactions between C.
albicans and P. aeruginosa are widely researched. This includes some research on
the impact of this dual-species interaction on antifungal susceptibility. In dual-species
planktonic interactions, 8-fold higher concentrations of amphotericin B (AmB) are
required to kill C. albicans cells, relative to single-species (Rodrigues et al., 2017).
However, in dual-species biofilms, AmB (1 mg/L) has no effect on fungal viability when
used as a monotherapy. Conversely, combination treatment of AmB + polymyxin B

(PolyB) has a synergistic effect against dual-species biofilm cells, but only when AmB
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is combined with a very high concentration of PolyB (256 mg/L), which exceeds
concentrations that are safe for clinical use (Rodrigues et al., 2017). Therefore,
effective eradication of dual-species biofilms using AmB—PolyB combination therapy
is complicated by the toxic effects of the high drug concentrations that would be

required.

Other research has focused on the effect of P. aeruginosa secreted molecules on the
antifungal susceptibility of C. albicans cells. The P. aeruginosa quorum sensing
molecule, N-3-oxo-dodecanoyl-L-homoserine (30-C12-HSL), enhances C. albicans
tolerance to fluconazole by inducing upregulation of genes associated with efflux,
oxidative stress and fungal cell membrane integrity, and inhibiting the upregulation of
sterol biosynthesis (Bandara et al., 2020b). This has led to the proposal of a
fluconazole + 30-C42-HSL combination therapy, with a liposomal delivery system, as
a method for enhancing the susceptibility of C. albicans biofilm infections to

fluconazole treatment (Bandara et al., 2020a).

The aim of the research presented in this chapter is to determine the effect of P.

aeruginosa on the antifungal susceptibility of C. albicans biofilm cells.

5.2 RESULTS

5.21 P. aeruginosa significantly enhances C. albicans sensitivity to
amphotericin B

To identify whether biofilm interactions between C. albicans and P. aeruginosa
have any impact on antifungal resistance, mature (24 h) biofilms were treated for 18 h

with fluconazole, which targets ergosterol biosynthesis (Sharma et al., 2019), or with
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amphotericin B (AmB), which targets ergosterol in the fungal cell membrane
(Kaminski, 2014). C. albicans cells in dual-species biofilms showed similar levels of
sensitivity to fluconazole as single-species biofilms at 250, 750 and 1,000 ug/mL, and
a small increase in sensitivity to 500 pg/mL fluconazole (Figure 5.1a). These
fluconazole concentrations far exceed those that would be used in a clinical setting,
as C. albicans biofilms cells can be as much as 4,000 times more resistant to
fluconazole than planktonic cells (Ramage et al., 2002). Therefore, P. aeruginosa
does not increase the antifungal activity of fluconazole under the tested conditions.
However, C. albicans cells in dual-species biofilms showed significantly enhanced
sensitivity to AmB at all concentrations tested (0.5-8 pg/mL), with zero recovery of C.
albicans cells from dual-species biofilms treated with 22 yg/mL AmB (Figure 5.1Db).
Therefore, P. aeruginosa enhances C. albicans sensitivity to AmB in a dual-species

biofilm.

The lowest AmB concentration at which no C. albicans cells were recovered from dual-
species biofilms was 2 yg/mL, which is within the range of concentrations found in
pulmonary epithelial cells, and in serum, following clinical AmB doses (Fields Jr. et al.,
1970, Bellmann and Smuszkiewicz, 2017, Weiler et al., 2009). Therefore, this AmB

concentration was the focus of the remainder of this study.
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Figure 5.1. P. aeruginosa greatly enhances C. albicans sensitivity to
amphotericin B, but has no effect on sensitivity to fluconazole. Preformed 24 h
biofilms were incubated in Mueller Hinton broth containing (a) 0, 250, 500, 750 or 1000
pug/mL fluconazole, or (b) 0, 0.5, 1, 2, 4 or 8 ug/mL amphotericin B, for 18 h. Data are
the logip(mean) + the SEM from 3 biological replicates. Data were analysed using 2-
way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; * P <
0.05; ** P <0.01; *** P <0.001; *** P < 0.0001).
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5.2.2 The presence of P. aeruginosa enhances amphotericin B sensitivity to a
greater extent than lower C. albicans starting concentrations

The numbers of C. albicans cells recovered from dual-species biofilms, in the
absence of AmB treatment, were consistently lower than from single-species biofilms,
by approximately 1.5 logio CFU/mL (Figure 5.1). Therefore, it was important to
determine whether AmB treatment is sufficient to eliminate C. albicans biofilm cells in
a single-species biofilm, or whether this is only observed in dual-species biofiims. To
test this, single-species C. albicans biofilms were grown from a range of starting
concentrations (10°, 10°, 10*, 10® and 10? cells/mL), alongside a standard dual-
species biofilm for comparison. The mature (24 h) biofilms were treated with 2 pg/mL
AmB for 18 h, and C. albicans survival was quantified by viable counts. As observed
before, untreated dual-species biofilms showed a ~1.5 logio drop in C. albicans
recovery compared to single-species biofilms (Figure 5.2). Furthermore, there was
zero recovery of C. albicans cells from dual-species biofilms treated with 2 pg/mL
AmB, confirming the previously observed phenotype (Figure 5.2). Similar numbers of
C. albicans cells (~7 logio CFU/mL) were recovered from untreated single-species
biofilms, regardless of the starting cell concentration (Figure 5.2). This indicates that
the limiting factor for maximal growth of single-species C. albicans biofilms was either
media nutrient levels or physical space. However, even with the lowest C. albicans
starting concentration tested (10? cells/mL), treatment with 2 ug/mL AmB for 18 h was
insufficient to eliminate C. albicans biofilm cells in single-species biofilms (Figure 5.2).
This confirms that the enhanced AmB sensitivity of C. albicans cells within dual-

species biofilms is dependent upon interactions with P. aeruginosa.
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Figure 5.2. The presence of P. aeruginosa enhances amphotericin B sensitivity
to a greater extent than lower C. albicans starting concentrations. Mono-species
C. albicans biofilms were grown from starting concentrations of 10°, 10°, 10*, 10° and
10 cells/mL and dual-species biofilms from a starting C. albicans concentration of 10°
cells/mL. At 24 h, biofilms were incubated in Mueller Hinton broth containing O or 2
pug/mL amphotericin B (AmB), for 18 h. Data are the logio(mean) + the SEM from 3
biological replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s
multiple comparisons test (**** P < 0.0001).

5.2.3 Purified P. aeruginosa rhamnolipids do not enhance C. albicans sensitivity
to amphotericin B

Towards investigating the mechanism by which P. aeruginosa enhances AmB
efficacy against C. albicans, the initial focus was on molecules that are upregulated in
P. aeruginosa biofilms, and which have known anti-biofilm properties, namely

rhamnolipids (Davey et al., 2003). P. aeruginosa rhamnolipids can disrupt the cell
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membrane of S. aureus cells in dual-species biofilms, resulting in increased efficacy
of tobramycin against S. aureus (Radlinski et al., 2017). Addition of purified P.
aeruginosa single- and di-rhamnolipids resulted in an 8-fold decrease in the MIC of
tobramycin against S. aureus biofilm cells (Radlinski et al., 2017). In another study, P.
aeruginosa-derived rhamnolipids were shown to disrupt mature bacterial biofilms;
following incubation with 120-2000 pg/mL rhamnolipid, S. aureus biofilms were
reduced by 68-89% and S. epidermidis biofilms were reduced by 44-96% (Ceresa et
al., 2019). As well as bacterial biofilms, P. aeruginosa rhamnolipids can also disrupt
C. albicans biofilms (Singh et al., 2013). In a study of C. albicans biofilms grown on
polystyrene surfaces, 160 pg/mL of P. aeruginosa di-rhamnolipid removed 50% of C.
albicans cells following 2 h of treatment (Singh et al., 2013). Increasing the
concentration of di-rhamnolipid to 5,000 ug/mL resulted in the removal of up to 90%

of C. albicans biofilm cells (Singh et al., 2013).

To test whether P. aeruginosa rhamnolipids play a role in the observed increase in C.
albicans sensitivity to AmB, purified P. aeruginosa rhamnolipids were added to single-
species C. albicans biofilms. The rhamnolipid mixture used was 90% pure and
consisted of rhamnolipid molecules with varying fatty acid tail lengths. The rhamnolipid
concentrations used were 1000 and 2000 pg/mL. These concentrations mimic
rhamnolipid levels found in P. aeruginosa biofilms that have been exposed to
neutrophils as part of the human innate immune response, such as in the CF lung
(Alhede et al., 2009). The mature (24 h) biofilms were treated with 2 uyg/mL AmB for
18 h, and C. albicans survival was quantified by viable counts. The presence of purified
P. aeruginosa rhamnolipids did not enhance C. albicans sensitivity to AmB, neither

when added during biofilm formation (0 h) nor when added to mature biofilms (24 h)

177



(Figure 5.3). This suggests that rhamnolipids are unlikely to be involved in the

mechanism by which P. aeruginosa enhances C. albicans sensitivity to AmB.
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Figure 5.3. Purified P. aeruginosa rhamnolipids do not enhance C. albicans
sensitivity to amphotericin B. Mono-species C. albicans biofilms were
supplemented with 0, 1000 or 2000 pg/mL rhamnolipid, either during biofilm formation
(0 h) or following biofilm maturation (24 h). At 24 h, mono- and dual-species biofilms
were incubated in Mueller Hinton broth containing 0 or 2 yg/mL amphotericin B (AmB),
for 18 h. Data are the logio(mean) + the SEM from 3 biological replicates. Data were
analysed using 2-way ANOVA and Holm-Sidak’s multiple comparisons test (*** P <
0.001; **** P < 0.0001).
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5.2.4 Increased C. albicans sensitivity to amphotericin B occurs more quickly in
the presence of P. aeruginosa PAO1 than other P. aeruginosa strains

To determine whether other P. aeruginosa strains were able to enhance C.
albicans sensitivity to AmB, dual-species C. albicans biofiims were grown in the
presence of other P. aeruginosa laboratory strains and clinical isolates. The laboratory
strains tested were two PA14 strains: PA14(1) (Rahme et al., 1995) and PA14(2)
(Liberati et al., 2006). The clinical strains tested were two CF strains: the Midlands 1
strain (Scott and Pitt, 2004) and the Liverpool strain (Cheng et al., 1996). In the
absence of AmB treatment, recovery of C. albicans biofilm cells from dual-species
biofilms was similar across all biofilms tested: ~5 log1o CFU/mL recovery (Figure 5.4a
and b). When mature (24 h) biofilms were treated with 2 pg/mL AmB for 18 h, C.
albicans cells in dual-species biofilms showed significantly enhanced sensitivity to
AmB, in the presence of all P. aeruginosa strains tested; in all cases, there was zero

recovery of C. albicans cells (Figure 5.4a).

Previous research has shown that AmB binds to fungal cells in a matter of minutes,
and changes to cell ultrastructure can be observed after just 30 minutes’ exposure to
AmB (Grela et al., 2019). This suggested that the biofilm assay could be shortened in
duration, with the additional advantage of increasing the quantity of data that could be
obtained within a fixed period of time. Therefore, the biofilm assay with the different P.
aeruginosa strains was repeated, but the mature (24 h) biofilms were treated with 2
pug/mL AmB for a reduced incubation time of 2 h. After this, C. albicans survival was
quantified by viable counts. Following 2 h AmB treatment, zero C. albicans cells were
recovered from dual-species biofilms with P. aeruginosa PAO1 (Figure 5.4Db).

However, in the presence of all other P. aeruginosa strains tested, the reduction in
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numbers of C. albicans biofilm cells recovered was similar to that observed for single-
species biofilms: a reduction of 1.1-1.7 logio CFU/mL (Figure 5.4b). This temporal
difference suggests that the mechanism by which P. aeruginosa potentiates AmB
activity against C. albicans may differ between P. aeruginosa strains. This may be due
to differences in P. aeruginosa secreted metabolites that affect the dual-species
interaction, as indicated by the varying hues of overnight cultures from these strains

(Figure 5.4c).

Following the observation that a reduced AmB incubation time was sufficient to
produce the phenotype of interest, the biofilm assay protocol was shortened so that
biofiims were incubated with AmB for 2 h (rather than 18 h) in all subsequent

experiments.
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Figure 5.4. Increased C. albicans sensitivity to amphotericin B occurs more
quickly in the presence of P. aeruginosa PAO1 than other P. aeruginosa strains.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing O or 2
pMg/mL amphotericin B (AmB) for (a) 18 hours, or (b) 2 hours. Data are the logo(mean)
+ the SEM from 3 biological replicates. Data were analysed using 2-way ANOVA and
Holm-Sidak’s multiple comparisons test (**** P < 0.0001). (c) Overnight cultures of the
P. aeruginosa strains used; differences in colour indicate differences in secreted
metabolites between strains.
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5.2.5 Potentiation of amphotericin B against C. albicans is specific to dual-
species biofilms

To determine whether the observed potentiation of AmB activity against C.
albicans was specific to biofilms, the susceptibility of C. albicans to AmB in the
presence of P. aeruginosa was tested during planktonic growth. When single-species
C. albicans planktonic cultures were treated with 2 ug/mL AmB, there was a ~3 logo
reduction in viability (P < 0.0001), whilst dual-species planktonic cultures showed a ~2
log1o reduction in C. albicans viability (P < 0.001) compared to untreated cultures
(Figure 5.5). This suggests that there is no potentiation of AmB in dual-species

planktonic cultures; the phenotype is biofilm-specific.
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Figure 5.5. Potentiation of amphotericin B against C. albicans is specific to dual-
species biofilms. Planktonic cultures were grown for 3 h and subsequently incubated
in Mueller Hinton broth containing 0 or 2 ug/mL amphotericin B (AmB), for 2 h. Data
are the logio(mean) + the SEM from 3 biological replicates. Data were analysed using
2-way ANOVA and Holm-Sidak’s multiple comparisons test (*** P < 0.001; **** P <
0.0001).
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5.2.6 Potentiation of amphotericin B activity against C. albicans is dependent on
P. aeruginosa viability

The molecules secreted by P. aeruginosa biofilm cells differ to those secreted
by planktonic cells; for example, the polysaccharides alginate, Pel and Psl play major
roles in providing structural stability to biofilms (Mann and Wozniak, 2012, Jennings et
al., 2015), but are not important for planktonic cells. To determine whether potentiation
of AmB by P. aeruginosa is mediated by an active or passive mechanism, C. albicans
biofilms were grown in the presence of either heat-killed P. aeruginosa (disrupts the
bacterial cell wall, denatures proteins and causes cell lysis), or by fixing P. aeruginosa
cells in 4% PFA (maintains cell structure). However, in the presence of heat-killed or
PFA-fixed P. aeruginosa, there was no potentiation of AmB activity against C. albicans
biofilm cells (Figure 5.6), suggesting that P. aeruginosa cells must be metabolically

active to produce the effect.
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Figure 5.6. Potentiation of amphotericin B activity against C. albicans is
dependent on P. aeruginosa viability. Preformed 24 h biofilms were incubated in
Mueller Hinton broth containing 0 or 2 ug/mL amphotericin B (AmB), for 2 h. Data are
the logio(mean) + the SEM from 3 biological replicates. Data were analysed using 2-
way ANOVA and Holm-Sidak’s multiple comparisons test (**** P < 0.0001).

5.2.7 Supernatants from mature biofilms have no effect on amphotericin B
efficacy against C. albicans biofilm cells

Having established that potentiation of AmB requires viable P. aeruginosa cells
to be present in a dual-species biofilm with C. albicans, the next question was whether
direct cell-cell contact was a prerequisite, or whether secreted metabolites from P.
aeruginosa would be sufficient. To test this, supernatants were collected from mature
(24 h) single- and dual-species biofilms, filter-sterilised and snap-frozen for storage
prior to use. Single-species C. albicans biofilms were grown in media composed of a
50:50 ratio of Mueller Hinton broth and supernatant. However, none of the
supernatants resulted in potentiation of AmB activity (Figure 5.7), suggesting that P.

aeruginosa cells must be physically present in the biofilm.
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Figure 5.7. Supernatants from mature biofilms have no effect on amphotericin
B efficacy against C. albicans biofilm cells. Supernatants were collected from 24 h
biofilms and filter-sterilised. Mono- and dual-species control biofilms were incubated
in Mueller Hinton broth. Mono-species biofiims were grown in 50:50 Mueller Hinton
broth:supernatant for 24 h, after which media and supernatants were replenished and
supplemented with 0 or 2 pug/mL amphotericin B (AmB), for 2 h. Data are the
logio(mean) = the SEM from 3 biological replicates. Data were analysed using 2-way
ANOVA and Holm-Sidak’s multiple comparisons test (**** P < 0.0001).
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5.2.8 C. albicans sensitivity to amphotericin B is also enhanced by E. coli
MG1655 in a dual-species biofilm

In the human host, C. albicans interacts with a range of bacterial species. These
include: E. coli in the urinary tract and the gut, A. baumannii in ventilator-associated
pneumonia, B. cenocepacia in the CF lung, S. aureus and S. epidermidis on skin
(Lohse et al., 2018), and E. faecalis and E. faecium in the gastrointestinal tract
(Graham et al., 2017). To investigate whether other clinically relevant bacteria affect
C. albicans biofilm sensitivity to AmB, dual-species biofilms were grown with E. coli,
A. baumannii, B. cenocepacia, S. epidermidis, S. aureus, E. faecalis and E. faecium.
Mature (24 h) biofilms were treated with 2 yg/mL AmB for 2 h, and C. albicans survival
was quantified by viable counts. Of the species tested, E. coli MG1655 enhanced C.
albicans AmB sensitivity to a similar extent as P. aeruginosa PAO1 (Figure 5.8), with
averages of 0, 50 and 250 C. albicans cells recovered from the three biological
replicates of AmB-treated C. albicans—E. coli biofilms. This effect was not observed
with the avirulent cloning strain E. coli DH5a, which had no effect on C. albicans AmB
sensitivity (Figure 5.8). An increase in C. albicans sensitivity to AmB was also
observed in the presence of E. faecalis, but C. albicans recovery never dropped as

low as zero in these biofilms (Figure 5.8).
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Figure 5.8. C. albicans sensitivity to amphotericin B is also enhanced by E. coli
MG1655 in a dual-species biofilm. Preformed 24 h biofilms were incubated in
Mueller Hinton broth containing 0 or 2 ug/mL amphotericin B (AmB) for 2 h. Data are
the logio(mean) + the SEM from 3 biological replicates. Data were analysed using 2-
way ANOVA and Holm-Sidak’s multiple comparisons test (* P < 0.05; ** P < 0.01; ****
P < 0.0001).

5.29 P. aeruginosa PAO1 also increases C. dubliniensis sensitivity to
amphotericin B in a dual-species biofilm

As discussed in Chapter 3, non-albicans Candida species of clinical relevance
include C. dubliniensis, C. tropicalis, C. parapsilosis, C. krusei and C. glabrata
(Whibley and Gaffen, 2015). To determine whether the presence of P. aeruginosa
PAO1 can enhance the AmB sensitivity of other Candida species, single- and dual-
species biofilms were grown and treated with 2 yg/mL AmB for 2 h. Like C. albicans,

C. dubliniensis sensitivity to AmB was enhanced to such an extent that zero fungal

cells were recovered from dual-species biofilms following 2 h of AmB treatment (Figure
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5.9). The presence of P. aeruginosa resulted in no change in AmB sensitivity for C.
tropicalis, C. parapsilosis or C. krusei (Figure 5.9), though C. krusei biofilms appeared
resistant to 2 uyg/mL AmB. In the case of C. glabrata, the presence of P. aeruginosa
had the opposite effect, with a decrease in sensitivity to AmB (Figure 5.9). The
differences in phenotype observed between these Candida species may be explained
by differences in the structure and composition of their biofilms (Sharma et al., 2019,

Cavalheiro and Teixeira, 2018, Sardi et al., 2013, Silva et al., 2009).
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Figure 5.9. P. aeruginosa PAO1 also increases C. dubliniensis sensitivity to
amphotericin B in a dual-species biofilm. Preformed 24 h biofilms were incubated
in Mueller Hinton broth containing 0 or 2 pg/mL amphotericin B (AmB) for 2 h. Data
are the logio(mean) £ the SEM from 3 biological replicates. Data were analysed using
2-way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; *** P <
0.001; **** P < 0.0001).
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5.2.10 P. aeruginosa does not induce an increase in C. albicans membrane
ergosterol

To understand the mechanism by which AmB activity is potentiated in dual-
species biofilms, a logical focus for investigation was the AmB drug target, ergosterol.
The hypothesis was that the presence of P. aeruginosa in the dual-species biofilm
causes an increase in C. albicans membrane ergosterol levels, and this increase in
levels of the drug target leads to increased AmB susceptibility. To test this hypothesis,
dual-species biofilms were grown using a C. albicans strain with lower membrane
ergosterol levels, to observe if the potentiation of AmB would be lost. Ergosterol is
necessary for the structural integrity of fungal cell membranes (Rodrigues, 2018), so
ergosterol-deficient cells would not be viable. Therefore, the strain used was a
upc2A/A mutant in a C. albicans SN152 background. Upc2 is a transcription factor that
binds to the promoter of ERGZ2, upregulating its expression (Silver et al., 2004,
MacPherson et al., 2005); Erg2 is a key enzyme in the ergosterol biosynthesis
pathway. Consequently, the upc2A/A strain produces lower levels of ergosterol in its
cell membranes (Silver et al., 2004). As with C. albicans SC5314, the C. albicans
SN152 parental wild-type strain was much more sensitive to AmB in a dual-species
biofilm, with zero recovery of fungal cells after 2 h of treatment with 2 yg/mL AmB
(Figure 5.10). However, potentiation of AmB in dual-species biofilms was lost with the
upc2A/A strain (Figure 5.10), suggesting that membrane ergosterol levels may be

important in the mechanism.
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Figure 5.10. There is less potentiation of amphotericin B against C. albicans
upc2A/A; a strain with lower membrane ergosterol levels. Preformed 24 h biofilms
were incubated in Mueller Hinton broth containing 0 or 2 yg/mL amphotericin B (AmB)
for 2 h. Data are the logio(mean) + the SEM from 3 biological replicates. Data were
analysed using 2-way ANOVA and Holm-Sidak’s multiple comparisons test (**** P <
0.0001).

To visualise the biofilm cells, untreated samples from 24 h biofilms were stained with
filipin, which binds to ergosterol, and analysed using fluorescence microscopy. C.
albicans cells recovered from dual-species biofilms showed greatly reduced hyphal
formation compared to single-species (Figure 5.11). However, quantification of filipin
staining suggested that there was no significant difference in ergosterol levels
between single- and dual-species biofilm cells (Figure 5.12). These data indicate that
P. aeruginosa does not induce an increase in C. albicans membrane ergosterol levels

in a dual-species biofilm. However, quantification of filipin staining suggested that the

levels of ergosterol are similar between the parental control strain and the upc2A/A
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mutant strain (Figure 5.12). This may indicate non-specific binding of filipin to lipids
other than ergosterol; for example, sphingolipids are known to form complexes with
ergosterol for lipid raft formation (Marek et al., 2019), which may affect the binding
specificity of filipin. Furthermore, filipin is known to bind to phospholipids and to
derivatives of sterols (Smejkal et al., 1996, Arthur et al., 2011). Therefore, filipin

staining may not directly correlate with ergosterol levels.
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Figure 5.11. Fluorescence microscopy images of mono- and dual-species biofilms. Blue indicates filipin stain (ergosterol).
Inhibition of C. albicans hyphae can clearly be seen in the presence of P. aeruginosa PAO1. Images are representative of data
obtained from 3 biological replicates, with ~30 technical replicates each.
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Figure 5.12. Quantification of CTCF (Corrected Total Cell Fluorescence) from
fluorescence microscopy images. Biofilms were grown in Mueller Hinton broth for
24 h. Biofilms cells were fixed, detached and stained, before ~30 fluorescence images
were taken per biofilm. Data show the mean £ the SEM from 3 biological replicates.
Data were analysed using 1-way ANOVA and Holm-Sidak’s multiple comparisons test
(ns not significant).
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5.2.11 C. albicans ergosterol biosynthesis is significantly downregulated in the
presence of P. aeruginosa

To confirm whether there are transcriptional changes to C. albicans ergosterol
biosynthetic genes in response to the presence of P. aeruginosa, the RNA-seq data
presented in Chapter 4 was consulted. Of the 21 genes that are known to be involved
in the ergosterol biosynthetic pathway, 20 were downregulated, of which 15 were
significantly downregulated (log, fold change = 1.00 and adjusted P < 0.05) (Table
5.1). Furthermore, the steroid biosynthesis KEGG pathway, to which ergosterol
biosynthesis genes are annotated, was the second most enriched KEGG pathway
amongst the 739 significantly downregulated genes, with an enrichment ratio of 0.61.
The transcriptional data therefore refute the hypothesis that the presence of P.
aeruginosa results in overproduction of fungal ergosterol; rather, ergosterol

biosynthesis is significantly downregulated.

194



Table 5.1. Transcriptional changes to C. albicans ergosterol biosynthetic genes
in response to the presence of P. aeruginosa in a dual-species biofilm. Genes
with a log, fold change = 1.00 and an adjusted P-value < 0.05 are shown in bold.

ORF r?:nrlz Gene product” crl::rlloglgf ':‘,d\jlglsjgf
(logs) _

ORF19.6026 ERG2 C-8 sterol isomerase -2.78  2.96x10™°
ORF19.7312 ERG13 3-hydroxy-3-methylglutaryl CoA synthase  -2.49  7.56x107'%
ORF19.6105 MVD Mevalonate diphosphate decarboxylase -2.41 6.10x107
ORF19.5178 ERG5 C-22 sterol desaturase -2.18  3.06x107®
ORF19.1631 ERG6 Delta(24)-sterol C-methyltransferase -1.99 1.64x10°%
ORF19.5379 ERG4 C-24 sterol reductase -1.96  1.26x10™'
ORF19.1598 ERG24 C-14 sterol reductase -1.91  1.02x10*°
ORF19.1031 HMG1 Hydroxymethylglutaryl-CoA reductase -1.89  3.84x10™®
ORF19.767 ERG3 C-5 sterol desaturase -1.83  1.25x10™®
ORF19.3616 ERGY9 Farnesyl-diphosphate farnesyl transferase  -1.64  4.54x10%’
ORF19.3732 ERG25 C-4 methyl sterol oxidase -1.28  3.32x10
ORF19.1591 ERG10 Acetyl-CoA acetyltransferase -1.23  6.73x10°
ORF19.4809 ERG12 Mevalonate kinase -1.04  5.04x10™"2
ORF19.922 ERG11 Lanosterol 14-alpha-demethylase -1.03 2.41x10°
ORF19.406 ERG1 Squalene epoxidase -1.02 1.89x10™"?
ORF19.2909 ERG26 C-3 sterol dehydrogenase -0.74  3.24x10™
ORF19.4491 ERG20 Farnesyl pyrophosphate synthetase -0.58 1.71x10°°
ORF19.2775 IDI1 Isopentenyl-diphosphate delta-isomerase ~ -0.50  9.16x10™%
ORF19.4606 ERG8 Phosphomevalonate kinase -0.39  3.36x10
ORF19.1570 ERG7 2,3-epoxysqualene-lanosterol cyclase -0.20  3.17x10"
ORF19.3240 ERG27 3-keto sterol reductase +0.02  9.19x10™

* Gene product details from FungiDB (fungidb.org)
* + upregulated; - downregulated; logz = 1.00 is equivalent to = 2-fold linear change
A Adjusted P-values < 0.05 were considered to be significant
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4.2.12 There is significant downregulation of C. albicans superoxide dismutase
genes in the presence of P. aeruginosa

Having observed that ergosterol levels do not appear to play a role in enhancing
C. albicans AmB susceptibility, a new hypothesis was required. As discussed in
Chapter 1, one model for the mechanism of action of AmB is the induction of reactive
oxygen species (ROS), such as superoxide (O;"), resulting in oxidative damage to
fungal cells (Kaminski, 2014). Cells are protected from the destructive effects of ROS
by antioxidant enzymes. Superoxide radicals are converted to hydrogen peroxide
(H202) by superoxide dismutase (SOD) enzymes. Subsequently, H,O- is broken down
into water and oxygen by catalase (Martchenko et al., 2004). C. albicans has six SOD
enzymes, which have differing metal cofactors and cellular localisations: Sod1 is a
Cu/Zn-SOD that is found in the cytosol and the intermembrane space of mitochondria;
Sod2 is a Mn-SOD that is found in the mitochondrial matrix; Sod3 is an Mn-SOD that
is found in the cytosol; finally, Sod4, Sod5 and Sod6 are Cu-SODs, which are unique
to fungi, and are extracellularly attached to fungal cell membranes via GPl-anchors

(Schatzman et al., 2020, Broxton and Culotta, 2016, Martchenko et al., 2004).

Transcriptomic analysis showed downregulation of genes annotated to the Biological
Process GO term, ‘response to stress’ (Chapter 4, Figure 4.22). To determine whether
C. albicans SOD genes are specifically downregulated in response to P. aeruginosa,
the transcriptional responses of genes in the C. albicans ‘removal of superoxide
radicals’ pathway were examined more closely. There was significant downregulation
of SODS5, SOD2 and SOD1, but significant upregulation of SOD6 (log.fold change =

1.00 and adjusted P < 0.05) (Table 5.2). Furthermore, SOD3 and SOD4 were
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downregulated, and CAT71 was upregulated (Table 5.2). The significant
downregulation of three out of six C. albicans SOD genes suggests that accumulation
of superoxide radicals may play a role in enhancing AmB activity in the presence of P.

aeruginosa.

Table 5.2. Transcriptional changes to genes in the C. albicans ‘removal of
superoxide radicals’ pathway, in response to the presence of P. aeruginosa in a
dual-species biofilm. Genes with a log, fold change = 1.00 and an adjusted P-value
< 0.05 are shown in bold.

Fold Adjusted

ORF Gene Gene product” change P-value”
name *
(log>)
ORF19.2060 SOD5 Cu-containing superoxide dismutase 297 5.63x10%
ORF19.3340 SOD2 Mitochondrial Mn-containing superoxide -1.85  5.29x10™’

dismutase
ORF19.2770.1 SOD1 Cytosolic Cu- and Zn-containing -1.36  1.11x10°°

superoxide dismutase

ORF19.2062 SOD4 Cu-containing superoxide dismutase -0.59  3.04x10

ORF19.7111.1 SOD3 Cytosolic Mn-containing superoxide -0.54 4.10x10"
dismutase

ORF19.6229  CAT1 Catalase +0.43  1.54x10"

ORF19.2108 SOD6 Cu-containing superoxide dismutase +2.01  2.20x10™

* Gene product details from FungiDB (fungidb.org)
* + upregulated; - downregulated; logz = 1.00 is equivalent to = 2-fold linear change
A Adjusted P-values < 0.05 were considered to be significant

5.2.13 The induction of reactive oxygen species potentiates amphotericin B
activity against C. albicans biofilm cells

To test the hypothesis that accumulation of ROS, such as superoxide radicals,
leads to potentiation of AmB activity against C. albicans biofilm cells, single-species
biofilms were incubated with ROS-inducing agents prior to treatment with 2 pg/mL

AmB. Three ROS-inducing agents were used: 1) 10 mM H20O,, which results in general
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oxidative stress within cells (Sokol-Anderson et al., 1988); 2) 0.2 mM menadione,
which generates intracellular superoxide radicals (Hwang et al., 2002, Martchenko et
al., 2004); and 3) 0.1 mM hypoxanthine + 0.16 mU/mL xanthine oxidase, with which
the enzymatic activity of xanthine oxidase first converts hypoxanthine to xanthine, and
then to uric acid, releasing a superoxide radical at each stage; the xanthine oxidase-
generated superoxide radicals are unable to diffuse across cell membranes, so remain

extracellular (Robinett et al., 2019, Youseff et al., 2012).

Incubation of C. albicans single-species biofilms with either H,O, or menadione, prior
to AmB treatment, resulted in recovery of zero fungal cells; the same phenotype as
AmB-treated C. albicans—P. aeruginosa biofilms (Figure 5.13). However, incubation
with hypoxanthine + xanthine oxidase did not enhance AmB activity, but showed
similar viability to single-species C. albicans biofilms (Figure 5.13). This suggests that
increased ROS or intracellular superoxide levels potentiate AmB activity against C.
albicans biofilm cells, but increased extracellular superoxide levels do not. The
implication is that the dual-species interaction may lead to increased intracellular

superoxide levels within C. albicans biofilm cells.
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Figure 5.13. Incubation with agents that increase intracellular ROS levels leads
to potentiation of amphotericin B activity against C. albicans biofilm cells. ROS-
inducing agents (10 mM H20,; 0.2 mM menadione; 0.1 mM hypoxanthine + 0.16
mU/mL xanthine oxidase) were added to C. albicans SC5314 biofilms after 3 h growth
in Mueller Hinton broth. At 24 h, all biofiims were incubated with 0 or 2 pug/mL
amphotericin B (AmB) for a further 2 h. Data are the logio(mean) + the SEM from 3—4
biological replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s
multiple comparisons test (ns not significant; **** P < 0.0001).

5.214 A C. albicans sod2A/A mutant strain has significantly enhanced
susceptibility to amphotericin B

Accumulation of superoxide within C. albicans biofilm cells may either be
caused by increased production of superoxide radicals, or by downregulation of SOD
genes, resulting in reduced removal of superoxide radicals from the cells. Having

observed significant downregulation of SOD7, SOD2 and SODS in response to P.

aeruginosa (Table 5.2), the effect of knocking out SOD genes on C. albicans AmB
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susceptibility was investigated. Of the strains tested, only biofilms of the sod2A/A
knockout strain showed significantly greater susceptibility to AmB (Figure 5.14).
However, C. albicans sod2A/A viability never fell to zero, suggesting that loss or
reduction of SODZ2 activity may only be a part of the mechanism by which P.
aeruginosa mediates potentiation of AmB activity against C. albicans biofilm cells.
Therefore, the focus was turned to transcriptional changes in P. aeruginosa cells when

grown as dual-species biofilms with C. albicans.
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Figure 5.14. Biofilms of a C. albicans sod2A/A knockout strain show significantly
increased susceptible to amphotericin B. Preformed 24 h biofilms were incubated
in Mueller Hinton broth containing 0 or 2 pg/mL amphotericin B (AmB) for 2 h. Data
are the logio(mean) + the SEM from 3 biological replicates. Data were analysed using
2-way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; **** P
< 0.0001).
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5.2.15 P. aeruginosa phenazines significantly potentiate amphotericin B activity
against C. albicans biofilm cells

The transcriptional data presented in Chapter 4 revealed significant
upregulation of P. aeruginosa genes involved in phenazine biosynthesis, including all
genes of both the phz1 and phz2 operons, in response to the presence of C. albicans.
Phenazines are redox-active molecules that are naturally pigmented (Briard et al.,
2015). The phz1 and phz2 operons encode several enzymes that catalyse the
conversion of chorismic acid to phenazine-1-carboxylic acid (PCA), which is yellow in
colour (Figure 5.15a) and is one of five phenazine molecules produced by
Pseudomonas species (Mavrodi et al., 2001, Briard et al.,, 2015). Three further
phenazine biosynthetic enzymes (encoded by phzH, phzM and phzS) catalyse the
formation of the other four phenazines from PCA (Mavrodi et al., 2001). These are: 5-
methyl phenazine-1-carboxylic acid betaine (SMPCA), which is red; phenazine-1-
carboxamide (PCN), which is yellow; pyocyanin (PYO), which is blue; and 1-
hydroxyphenazine (1-HP), which is orange (Figure 5.15a) (Mavrodi et al., 2001, Briard
et al., 2015, Morales et al., 2010). Phenazine methosulfate (PMS) is a commercially-
available synthetic analogue of 5SMPCA (Figure 5.15b), the latter of which is unstable
in physiologically-relevant environments, so PMS is a useful substitute for research

purposes (Morales et al., 2010).

To investigate the effect of purified P. aeruginosa phenazines on the AmB
susceptibility of C. albicans biofilm cells, single-species biofilms were incubated with
purified PCA, PMS, PYO, 1-HP, or combinations of these, prior to treatment with 0 or

2 yg/mL AmB. Within the CF lung, the concentrations of phenazines are in the range
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of 1-100 pM, but concentrations above 50 uM can result in depletion of Fe®" ions from
the environment, which can affect biofilm formation (Briard et al., 2015). Therefore,
the concentration of phenazines used in this assay was 40 yM. (PCN was not included
in the experiment due to severe delays to the shipping of laboratory supplies caused
by the consequences of Britain’s exit from the European Union, and exacerbated by
the COVID-19 global pandemic.) PYO and 1-HP had no effect on C. albicans AmB
susceptibility, either alone or in combination (Figure 5.15c). PMS, either alone or in
combination with 1-HP, significantly (P < 0.0001) enhanced C. albicans biofilm
susceptibility to AmB; there was a smaller, but significant (P < 0.05) effect with PCA
(Figure 5.15c). However, unlike co-incubation with P. aeruginosa, recovery of C.
albicans cells from single-species biofilms did not fall to zero as a result of incubation
with purified PMS or PCA (Figure 5.15c). Therefore, potentiation of AmB activity by

PMS and PCA may be part of a more complex mechanism.
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Figure 5.15. P. aeruginosa phenazines significantly potentiate amphotericin B
activity against C. albicans biofilm cells. (a) P. aeruginosa phenazine biosynthetic
pathway. Figure adapted from Mavrodi et al. (2001). (b) Chemical structure of PMS,
which is a synthetic analogue of SMPCA. (c) Purified phenazines were added to C.
albicans SC5314 biofilms after 3 h growth in Mueller Hinton broth. At 24 h, all biofilms
were incubated with 0 or 2 yg/mL amphotericin B (AmB) for a further 2 h. Data are the
logio(mean) = the SEM from 3 biological replicates. Data were analysed using 2-way
ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; * P < 0.05;
*** P <0.0001).

To further investigate the effect of phenazines on C. albicans biofilm susceptibility to
AmB, dual-species biofilms were grown with P. aeruginosa strains lacking the phz1
and phz2 operons. The phzA mutant was in a P. aeruginosa PA14 background, so
PA14 was included as a wild-type dual-species control biofilm. Furthermore, a triple
phzA/pvdAAlpchEA mutant and a double pvdAA/pchEA mutant were also available,
enabling some insight into the effect of siderophores on C. albicans biofilm
susceptibility to AmB. The pvdA gene encodes L-ornithine N5-oxygenase, which is
involved in pyoverdine biosynthesis, whilst the pchE gene encodes dihydroaeruginoic
acid synthetase, which is involved in pyochelin biosynthesis. In the dual-species
control biofilms, the presence of P. aeruginosa PA14 did not potentiate AmB activity
to the same extent as PAO1 (Figure 5.16). P. aeruginosa PA14 strains produce PYO
as the dominant phenazine (Das and Manefield, 2012), but purified PYO was observed
to have no effect on C. albicans AmB susceptibility (Figure 5.15c); this may explain
why the potentiation effect is smaller in the presence of PA14 than with PAO1.
Nevertheless, using the PA14 dual-species biofilm as the wild-type control revealed
that co-incubation with either the phzA or the phzA/pvdAA/pchEA strain significantly

rescued C. albicans viability (Figure 5.16). This implies a role for phenazines in

potentiating AmB activity against C. albicans biofilm cells. Co-incubation with the
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pvdAA/pchEA strain had no effect (Figure 5.16), suggesting that siderophore

production does not influence C. albicans biofilm susceptibility to AmB.
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Figure 5.16. Potentiation of AmB activity is lost when C. albicans is co-incubated
with P. aeruginosa phzA mutant strains. Preformed 24 h biofilms were incubated in
Mueller Hinton broth containing 0 or 2 ug/mL amphotericin B (AmB) for 2 h. Data are
the logio(mean) + the SEM from 3 biological replicates. Data were analysed using 2-
way ANOVA and Holm-Sidak’s multiple comparisons test (ns not significant; *** P <
0.001; **** P < 0.0001).

5.3 DISCUSSION

The data presented here show that P. aeruginosa significantly potentiates
amphotericin B activity against C. albicans biofilm cells, resulting in zero recovery of
fungal cells from dual-species biofilms that have been treated with the biologically-
relevant concentration of 2 pg/mL AmB. This has direct implications for the treatment

of co-infected patients. Amphotericin B can be nephrotoxic and hematotoxic at
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increasing dosages (Kaminski, 2014), whilst less toxic formulations, such as liposomal
AmB, can be costly (Perlin et al., 2017). For co-infected patients, lowered doses of
amphotericin B, as part of a combination therapy with an antibiotic, may be a promising

therapeutic strategy, reducing both adverse reactions and treatment costs.

The numbers of fungal cells recovered from dual-species C. albicans—P. aeruginosa
biofilms was consistently lower than the numbers recovered from single-species C.
albicans biofilms, by approximately 1-2 logi o CFU/mL, even in the absence of
antifungal treatment. This supports data presented in Chapter 3 and previous data
showing that P. aeruginosa has an inhibitory effect on in vitro C. albicans biofilm
development. The proposed mechanisms by which this inhibition occurs varies,
including inhibition of hyphal development and impedance of biofilm formation by P.
aeruginosa lipopolysaccharides (LPS) (Bandara et al., 2010, Bandara et al., 2013),
inhibition of filamentation by P. aeruginosa phenazines (Morales et al., 2013), and
disruption of C. albicans biofilms by P. aeruginosa rhamnolipids (Singh et al., 2013).
This reduction in C. albicans viable counts in dual-species biofilms may potentially
result in an increased AmB concentration per fungal cell, thus enhancing the effect of
the drug. This could be corrected by the addition of more C. albicans cells to the biofilm
following the initial co-incubation with P. aeruginosa; however, this may have a
disruptive effect on the mature biofilm structure, thus introducing further confounding

variables.

The potentiation of AmB in dual-species cultures was biofilm-specific and dependent

upon the presence of viable, metabolically active P. aeruginosa cells. The lack of
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change in C. albicans susceptibility to AmB between single- and dual-species
planktonic cultures is in contrast with the findings of Rodrigues et al. (2017), who found
an 8-fold increase in the AmB MIC for dual-species, planktonic C. albicans. However,
this is likely due to differences in methodology between studies. Rodrigues et al.
(2017) used trypic soy agar/broth for maintenance and growth of P. aeruginosa, and
Sabouraud dextrose agar/broth for C. albicans (Rodrigues et al., 2017), whereas the
present study used LB for maintenance and growth of P. aeruginosa, and YPD for C.
albicans. Furthermore, Rodrigues et al. (2017) measured specific MIC values of
planktonic-grown cells in a broth microdilution method that used RPMI 1640 broth
(Rodrigues et al., 2017), whereas the present study measured C. albicans viability
following planktonic growth in Mueller Hinton broth, and did not measure specific MIC

values for C. albicans.

When C. albicans cells were grown in the presence of supernatants from mature
biofilms, the AmB potentiation effect was lost, seeming to suggest that the phenotype
did not depend on a secreted factor from P. aeruginosa biofilm cells. However, the
set-up of the supernatant experiment has several limitations that prevent this
conclusion from being drawn with confidence. First, the biofilm supernatants were
collected without disrupting the biofilms, meaning that any secreted molecules deep
within the biofilms, which had not diffused out into the media, were not present in the
supernatant. Second, supernatants were snap-frozen and stored at -20°C for up to 6
days, before being thawed for use in the assay. However, this means that any unstable
or short-lived molecules would be ineffective. Third, C. albicans growth in a 50:50 ratio

of Mueller Hinton broth and supernatant may have introduced nutrient limitation, due
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to a reduced volume of growth medium. Finally, the 50:50 ratio also meant that any
secreted molecules within the supernatant were diluted to half of their usual

concentration, which would mask any effect that is concentration-dependent.

Despite the limitations of the supernatant experiment, one group of secreted P.
aeruginosa molecules that can be ruled out of the mechanism with greater confidence
is rhamnolipids. In dual-species C. albicans—P. aeruginosa biofilms, production of P.
aeruginosa rhamnolipids is increased as part of the induction of virulence factor
production (Trejo-Hernandez et al., 2014). Previous research shows that P.
aeruginosa-derived rhamnolipids can disperse biofilms formed by both bacterial and
fungal species, including Desulfovibrio vulgaris, E. coli, S. aureus (Wood et al., 2018,
Ceresa et al., 2019), S. epidermidis (Ceresa et al., 2019), C. tropicalis (Borah et al.,
2019) and C. albicans (Singh et al., 2013). However, many of these studies quantified
the biofilm mass remaining after exposure to rhamnolipids, but did not measure the
viability of the biofilm cells. Where cell viability was measured, a shift from biofilm to
planktonic mode of growth was observed, rather than any killing effect (Ceresa et al.,
2019). Indeed, the mode of action of rhamnolipid-mediated C. albicans biofilm
dispersal is through disruption of the fungal ECM (Singh et al., 2013). In the present
study, there was no reduction in viability of AmB-treated C. albicans biofilm cells,
following exposure to rhamnolipids, compared to the control. Considering that the
experimental set-up of the biofilm assay retains the biofilm cells within a closed
system, these data are consistent with the literature, i.e. P. aeruginosa rhamnolipids
do not affect viability of C. albicans biofilm cells, but may affect their cell-cell and cell-

substratum adhesion.
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To investigate whether the potentiation of AmB activity was unique to P. aeruginosa
PAO1, or whether it was a common phenotype across other C. albicans—bacterial
dual-species biofilms, the biofilm assay was repeated using different P. aeruginosa
strains, as well as different bacterial species that frequently co-infect with C. albicans.
The P. aeruginosa strains tested included two PA14 strains and two CF isolates, and
all of these potentiated AmB activity more slowly (after 18 h AmB incubation) than the
PAO1 strain (after 2 h AmB incubation). This may be explained by differences in
secreted molecules between the strains. P. aeruginosa biofilm cells secrete the
polysaccharides Psl and Pel into the ECM, which both play roles in biofilm structural
stability. However, PAO1 strains produce much more Psl than Pel, whilst PA14 strains
are unable to produce any Psl (Mann and Wozniak, 2012, Jennings et al., 2015).
Furthermore, there are differences in the phenazines secreted by PAO1 and PA14
strains, with pyocyanin being the dominant phenazine that is produced at much higher
levels in PA14 strains compared to PAO1 strains (Das and Manefield, 2012).
Pyocyanin is blue in colour (Briard et al., 2015), so its presence turns LB broth bright
green; this was clearly visible in the overnight cultures of both PA14 strains and the
Midlands 1 CF isolate, whilst the overnight cultures of PAO1 remained yellow.
Furthermore, P. aeruginosa strains isolated from CF patients are generally more slow-
growing than PAO1, and often overproduce alginate, which aids their persistence in
infected lungs (Hgiby et al., 2010, Rossi et al., 2020). The differences observed
between different P. aeruginosa strains indicate that the factor(s) mediating the rapid
potentiation of AmB activity may be more common in PAO1 strains, or unique to the

specific PAO1 strain used in the present study. In future, the effect of differences in
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levels of secreted molecules could be further investigated by quantifying the
production of Pel, Psl, alginate, and phenazines by different P. aeruginosa strains,

using high-performance liquid chromatography (HPLC) (Schiessl et al., 2019).

Of the other bacterial species tested, E. coli MG1655 also significantly potentiated the
activity of AmB against C. albicans in a dual-species biofilm, whilst a smaller significant
effect was seen with E. faecalis V583. A recent study on planktonic cultures showed
that E. coli MG1655 can kill C. albicans SC5314 cells by secreting a molecule that is
dependent upon depletion of Mg?®* ion availability, which the authors propose is likely
to be a bacteriocin (Cabral et al., 2018). Depletion of Mg?®* is likely to occur within
biofilms because negatively charged extracellular DNA, which is a common biofilm
ECM component, is known to chelate cations (Mulcahy et al., 2008). Therefore, the
dramatic reduction in C. albicans viability in AmB-treated C. albicans—E. coli biofilms
may be due to a combinatorial effect of a bacteriocin and the antifungal drug. The E.
faecalis V583 bacteriocin, EntV, has be shown to reduce C. albicans virulence and
biofilm formation in dual-species biofilms, via inhibition of filamentation, but with no
effect on fungal viability (Graham et al., 2017). This may explain why the potentiation
of AmB activity in the presence of E. faecalis was never great enough to result in
complete loss of C. albicans viability. Inhibition of hyphal formation is a common effect
of both E. faecalis and P. aeruginosa on C. albicans cells, but their differing effects on
C. albicans viability may be a pivotal factor in the magnitude of AmB potentiation

arising from the dual-species biofilm interaction.
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P. aeruginosa-mediated potentiation of AmB activity was not specific to C. albicans,
but was also seen with C. dubliniensis. As discussed in earlier chapters, C.
dubliniensis is the most closely related Candida species to C. albicans and the only
one also capable of forming true hyphae (Papon et al., 2013). Furthermore, the
composition and architecture of their biofilms are comparable (Ramage et al., 2001,
Whibley and Gaffen, 2015). This suggests that physical interaction of P. aeruginosa
cells with fungal hyphae may be important in the mechanism by which AmB activity is

enhanced.

Having established that P. aeruginosa rhamnolipids are unlikely to be involved in
potentiation of AmB activity, but that attachment to hyphae may play a role, the focus
of attention was turned to C. albicans cellular features. The most logical feature with
which to start was ergosterol; the drug target of AmB. Dual-species biofilms of C.
albicans upc2A/A, which has reduced membrane ergosterol levels (Silver et al., 2004),
rescued C. albicans viability when treated with AmB, compared to the wild-type. This
suggested that P. aeruginosa may potentiate AmB activity by inducing overproduction
of ergosterol in C. albicans biofilm cells. However, when ergosterol levels were
quantified by filipin staining, there was no observable difference in fluorescence
between single- and dual-species. This suggested that C. albicans ergosterol levels
are not increased in the presence of P. aeruginosa, which was confirmed by
transcriptomic data showing significant downregulation of ergosterol biosynthesis in
dual-species C. albicans cells. Surprisingly, there was no significant difference in
fluorescence between C. albicans upc2A/A and its parental control C. albicans SN152,

suggesting that ergosterol levels were similar in both strains. This may have been
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caused by non-specific binding of filipin to other lipids, such as phospholipids or
derivatives of ergosterol (Smejkal et al., 1996, Arthur et al., 2011). Formation of lipid
rafts, which contain high concentrations of ergosterol and sphingolipids, are essential
for biofilm formation (Alim et al., 2018). C. albicans biofilm cells contain much higher
concentrations of sphingolipids, and numbers of lipid rafts, than planktonic cells (Alim
et al., 2018). Therefore, the presence of more complex lipid—lipid interactions in biofilm
cells, compared to planktonic cells, indicates that a more sensitive method may be
required for quantifying ergosterol levels in fungal biofilm cells. This could include
solid-phase extraction (SPE) of total ergosterol from samples, followed by HPLC
analysis (Gilbert et al., 2002, Tong et al., 2014), gas chromatography—mass
spectrometry (GC-MS) (Lau et al., 2006), or UV spectroscopy (Vella and Laratta,
2017). However, a major drawback shared by these quantification methods is that they
require samples to be destroyed for analysis. Previous research in which ergosterol
levels were quantified in C. albicans upc2A/A, or in Saccharomyces cerevisiae upc2A,
utilised ergosterol extraction followed by spectrophotometric analysis (Silver et al.,
2004, Yang et al., 2015), rather than staining with filipin, indicating that this may have

been a more appropriate method.

Transcriptomic analysis revealed significant downregulation of superoxide dismutase
genes (SOD1, SOD2 and SODY) in dual-species C. albicans cells. This raised the
possibility that increased ROS levels may be contributing to the enhanced AmB
susceptibility of C. albicans biofilm cells in co-culture. This is further supported by the
significant upregulation of the arginine biosynthesis pathway in dual-species fungal

cells, which was observed in Chapter 4, as arginine biosynthetic genes are known to
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be upregulated in response to ROS (Jiménez-Lépez et al., 2013). The first evidence
of oxidative damage being a mode of AmB action was observed as early as 1986; C.
albicans protoplasts were protected from AmB activity when supplemented with
exogenous catalase or SODs (Sokol-Anderson et al., 1986). Furthermore, induction
of superoxide production using paraquat, a superoxide generator, enhanced AmB
activity against C. albicans, with a 10-fold reduction in the AmB MIC (Okamoto et al.,
2004). This was supported by the observation that the ROS-inducing agent, H,O», or
the intracellular superoxide generator, menadione, abolished C. albicans biofilm
viability in a similar manner to co-culturing with P. aeruginosa. However, incubation
with hypoxanthine and xanthine oxidase, which generate extracellular superoxide, had
no effect; this is in agreement with the significant upregulation of SOD6 in dual-species
C. albicans cells, as Sodb6 is localised to the extracellular surface of fungal cells
(Broxton and Culotta, 2016). This suggests that increased ROS levels, particularly
intracellularly, results in potentiation of AmB activity against C. albicans biofilm cells.
However, a limitation of this conclusion is that superoxide levels were not quantified
in the experiment. In future, the effects of the ROS-inducing agents could be confirmed
using a commercially-available superoxide detection kit, which would quantify

superoxide production and monitor its localisation by fluorescence microscopy.

Previous research shows that inhibition of Cu-SODs potentiates AmB activity against
C. albicans biofilm cells (De Brucker et al., 2013). Cells treated with AmB in
combination with diethyl dithio carbamate (DDC), which chelates copper and thereby
inhibits the Cu-containing SODs 1, 4, 5 and 6, showed a 10,000-fold reduction in

viability compared to AmB treatment alone (De Brucker et al., 2013). In the present
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study, a C. albicans sod2A/A strain formed biofiims that were significantly more
susceptible to AmB than the wild-type, but no effect was seen with other sod
knockouts. In agreement with this, Sod2 is essential in the Aspergillus fumigatus
protective response against ROS and reactive nitrogen species, which are induced by
P. aeruginosa phenazines (Briard et al., 2015). The induction of ROS by P. aeruginosa
phenazines has also been shown in C. albicans (Morales et al., 2010). The increased
effectiveness of AmB under ROS-inducing conditions (Okamoto et al., 2004) may
explain the observed potentiation of AmB activity when C. albicans biofilms were
incubated with phenazine methosulfate (PMS) or phenazine-1-carboxylic acid (PCA).
Furthermore, co-incubation of C. albicans with P. aeruginosa phzA, which lacks the
two phz operons and therefore does not produce phenazines, rescued C. albicans
biofilm tolerance to AmB, compared to the wild-type. However, these experiments
could be improved by the quantification of ROS, which would confirm the link between

the presence of phenazines and the induction of ROS in the C. albicans biofilm cells.

In conclusion, P. aeruginosa may potentiate AmB activity against C. albicans biofilm
cells in a two-pronged attack. First, significant upregulation of P. aeruginosa
phenazine biosynthesis induces ROS production in C. albicans. Second, the dual-
species interaction results in significant downregulation of C. albicans SOD2, reducing
the ability of fungal cells to remove intracellular ROS. The resultant high levels of ROS
enhance the effectiveness of AmB against C. albicans cells in a dual-species biofilm.
The clinical implication of this is that lower AmB dosages could be required, for the

clearance of C. albicans biofilm infections, if AmB is administered in combination with
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a phenazine derivative or a ROS-inducing agent that can be targeted specifically to

the intracellular compartments of fungal cells.
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6 DISCUSSION

Approximately 80% of infections in humans are biofilm-related (Rodrigues et
al., 2019, Lohse et al., 2018, Van Acker et al., 2014) and biofilm cells can be up to
100-1,000 times more resistant to antimicrobial treatment than planktonic cells (Mah,
2012, Hill et al., 2005). Therefore, in a background of increasing global incidence of
AMR and a lag in progress of antimicrobial drug development (Hutchings et al., 2019),

advancing our understanding of biofilm infections is of paramount importance.

P. aeruginosa is the most frequently isolated microorganism from the CF lung, and co-
infection with C. albicans accelerates the decline in lung function (Gileles-Hillel et al.,
2015). Co-infection with P. aeruginosa and C. albicans also occurs in ventilator-
associated pneumonia, burns, surgical wounds, and implanted medical devices
(Trejo-Hernandez et al., 2014, Bandara et al., 2020b, Dhamgaye et al., 2016, Dixon
and Hall, 2015, Peleg et al., 2010). Although there is a wealth of research into P.
aeruginosa—C. albicans interactions, our understanding of their interactions within
dual-species biofilms is in its infancy. Furthermore, very little is known about how these
interactions affect antimicrobial susceptibility, and the clinical implications of these

effects.

This research aimed to determine the impact of P. aeruginosa—C. albicans biofilms on
antimicrobial tolerance using a combination approach of in vitro biofilm assays,
imaging, and dual-species RNA-seq. The data revealed that C. albicans protects P.

aeruginosa biofilm cells from the effects of meropenem; this protection is likely
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mediated by fungal ECM polysaccharides, specifically mannan and 3-glucan, and by
cell-cell adhesion. Conversely, P. aeruginosa potentiates the activity of amphotericin
B against C. albicans cells; this is hypothesised to occur as a result of P. aeruginosa
secreted phenazines, which inhibit filamentation, and which may lead to the

accumulation of ROS in C. albicans cells.

6.1 ENHANCED P. AERUGINOSA TOLERANCE TO MEROPENEM IN DUAL-SPECIES
BIOFILMS

6.1.1 Sequestration of meropenem by biofilm ECM molecules

In this study, we showed that mannans and 3-glucans, secreted by C. albicans
into the biofilm ECM, play a role in enhancing P. aeruginosa tolerance to meropenem.
This is achieved either through the binding and sequestering of meropenem
molecules, in a similar mechanism to that proposed for enhanced C. albicans—
mediated E. coli biofilm tolerance to ofloxacin (De Brucker et al., 2015), or through the
coating of bacterial cells, as has been proposed for enhanced S. aureus biofilm
tolerance to vancomycin in the presence of C. albicans (Kong et al., 2016). Support
for the drug sequestration hypothesis comes from the observation that the protective
effect of C. albicans was not seen with other antibiotic molecules, and pre-incubation
of meropenem with purified mannans and/or R-glucans maintained the protective
effect. The observation that P. aeruginosa ofloxacin tolerance was not increased in
this study may be explained by differences in E. coli-C. albicans versus P.
aeruginosa—C. albicans biofilm interactions. In the study by De Brucker et al. (2015),

E. coli—C. albicans biofilm interactions did not affect the viability of either bacterial or
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fungal cells (De Brucker et al., 2015), whereas the present study showed reduced C.
albicans viability in the presence of P. aeruginosa. Therefore, it is possible that
sequestration of meropenem by C. albicans ECM polysaccharides may be part of a
more complex, or multifactorial, protective mechanism than that proposed for

enhanced E. coli ofloxacin tolerance.

Dual-species RNA-seq data revealed that the most highly upregulated C. albicans
gene, in response to the presence of P. aeruginosa, was INO1, which is essential for
the production of GPI anchors (Chen et al., 2008). In C. albicans, both N-linked
mannoproteins and -glucan—associated cell wall proteins are attached to the fungal
cell wall via GPl-anchors (Chen et al.,, 2008). This raises the possibility that
interactions with P. aeruginosa may lead to an increased rate of incorporation of fungal
cell wall components into the C. albicans cell wall, to support the secretion of mannans
and 3-glucans into the biofilm ECM. In the C. albicans biofilm ECM, mannans and -
glucans are known to exist in a mannan—glucan complex (MGCx), which is assembled
extracellularly following individual secretion of each molecule (Mitchell et al., 2015).
These MGCx structures contribute to the high levels of fluconazole resistance
observed in C. albicans biofilms, through sequestration of the drug (Mitchell et al.,
2015). If future research is able to link upregulation of INO7 with enhanced production
of MGCx structures, this could lend further support to the hypothesis that C. albicans
protects P. aeruginosa biofilm cells from meropenem via sequestration of the drug by

ECM polysaccharides.

218



Biofiilm ECM components secreted by P. aeruginosa may also play a role in the
enhanced meropenem tolerance of dual-species biofilms. Significant upregulation of
P. aeruginosa genes encoding the Psl polysaccharide was observed in dual-species
biofilms. Overproduction of Psl has previously been shown to enhance P. aeruginosa
tolerance to colistin, tobramycin and ciprofloxacin, through sequestration of antibiotic
molecules (Hall and Mah, 2017). However, this hypothesised role for Psl in
sequestering meropenem needs to be confirmed through use of Psl inhibitors or P.
aeruginosa strains lacking Psl biosynthetic genes, as well as supplementation of P.
aeruginosa biofilms with exogenous Psl. In addition, overproduction of Psl is linked to
enhanced adherence and aggregation of P. aeruginosa biofilm cells (Jennings et al.,

2015).

6.1.2 Adherence of P. aeruginosa to fungal hyphae

Imaging of biofilms by both SEM and confocal microscopy showed that, upon
meropenem treatment of dual-species biofilms, P. aeruginosa cells were tightly
clustered and adhered to C. albicans cells, which is consistent with the observed
upregulation of P. aeruginosa genes encoding Psl in dual-species, and suggests that
adhesion may play a role in the protective effect. This hypothesis is further supported
by the observation that removal of C. albicans cell wall O-mannan, which is involved
in bacterial binding (Munro et al., 2005, Brand et al., 2008), resulted in loss of the
protective effect. One hypothesis for how adherence may enhance meropenem
tolerance could be that aggregation of P. aeruginosa cells upon C. albicans cell
surfaces results in physical shielding of bacterial cells that are deep within the biofilm

structure. However, this needs to be confirmed by further research.
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Formation of hyphae is important for C. albicans adherence, as there is greater
production of adhesion proteins in hyphal cells relative to yeast cells (Sharma et al.,
2019). The observation that the protective effect was limited to C. albicans and C.
dubliniensis, which are the only true hyphae-forming Candida species (Papon et al.,
2013), provides further support for the role of hyphal adherence in enhancing P.
aeruginosa meropenem tolerance. Of all Candida species, C. dubliniensis biofilms are
structurally and compositionally most similar to C. albicans biofilms (Ramage et al.,
2001), so this observation also lends support to the hypothesis that biofiim ECM
polysaccharides play a role in the protective effect. Therefore, it is possible that both

proposed mechanisms may play a role (Figure 6.1).
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Figure 6.1. Proposed model for enhanced P. aeruginosa meropenem tolerance
in a dual-species biofilm with C. albicans. C. albicans cells secrete -glucans and
mannans into the biofilm extracellular matrix (ECM). These polysaccharides bind and
sequester meropenem, thus reducing the concentration of meropenem reaching P.
aeruginosa cells within the biofilm. Meanwhile, P. aeruginosa cells increase production
of the biofim ECM polysaccharide, Psl, which enhances P. aeruginosa cell
aggregation and adherence to C. albicans hyphae. Psl may also sequester
meropenem, further impeding its access to P. aeruginosa cells.

6.1.3 Insights from transcriptomic data

6.1.3.1 Potential role of siderophores

The P. aeruginosa response to meropenem, both in single- and dual-species
biofilm cells, included significant upregulation of genes encoding the siderophore,
pyochelin. However, the presence of C. albicans in untreated biofilms resulted in
significant upregulation of genes involved in biosynthesis of the other P. aeruginosa
siderophore, pyoverdine. Crucially, pyoverdine has higher affinity for extracellular Fe*
than does pyochelin (Banin et al., 2005). In the presence of C. albicans, increased P.
aeruginosa iron acquisition may also contribute to the protective mechanism, as
previous research links iron acquisition to enhanced meropenem tolerance (Reid et
al., 2009). Supplementation of P. aeruginosa biofilms with exogenous iron leads to a
significant increase in the meropenem MIC, with the authors proposing that iron
availability supports both P. aeruginosa replication and biofilm formation, while
chelation of iron disrupts biofilm structure (Reid et al., 2009). This hypothesis could be
tested by reducing the ability of P. aeruginosa to acquire iron, using strains lacking
siderophore biosynthetic genes, and observing whether the protective effect of C.
albicans is lost. Furthermore, single-species P. aeruginosa biofilms could be
supplemented with exogenous Fe®" to confirm the findings of Reid et al. (2009) using

the strains and growth conditions of the present study.
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6.1.3.2 Potential role of phenazines

As well as pyoverdine biosynthetic genes, co-incubation with C. albicans
resulted in significant upregulation of P. aeruginosa phenazine biosynthetic genes.
Previous research links phenazine production, specifically PCA and PCN, to
enhanced P. aeruginosa biofilm tolerance to ciprofloxacin, tobramycin and
carbenicillin (Schiessl et al., 2019). The authors propose that phenazines act as
reducing agents in oxygen-depleted regions of the biofilm, thus aiding cellular
metabolism (Schiessl et al., 2019). This is supported by research showing that PCN
and PYO play a role in shuttling oxygen from cells in oxic regions of biofilms to cells
in anoxic regions (Saunders et al.,, 2020). The mechanism by which phenazines
promote tobramycin tolerance is thought to involve reduction of the proton motive
force, as a result of altered respiration rates, but the mechanisms resulting in
ciprofloxacin or carbenicillin tolerance are unclear (Schiessl et al., 2019). The
contribution of phenazines to meropenem tolerance could be tested using P.
aeruginosa strains lacking phenazine biosynthetic genes, to observe whether the
protective effect of C. albicans is lost. Supplementation of single-species P.
aeruginosa biofilms with exogenous phenazines may reveal whether increased

phenazine levels alone can enhance meropenem tolerance.

6.1.3.3 Potential role of the OprD porin

The outer membrane porin, OprD, facilitates entry of carbapenem antibiotics
into P. aeruginosa cells, so oprD is often downregulated in meropenem-resistant
strains (Khaledi et al., 2016). Despite this, no significant change in oprD expression

was observed in response to meropenem treatment of either single- or dual-species
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biofilm cells. However, dual-species P. aeruginosa cells showed significant
downregulation of genes involved in ribosome structure and protein translation, which
was not observed in single-species, suggesting that the presence of C. albicans may
inhibit protein translation in P. aeruginosa. Furthermore, previous research shows that
there is often a poor correlation between oprD mRNA levels and OprD protein levels
(Khaledi et al., 2016). This raises the possibility that, despite a lack of significant
change in oprD transcript abundance, there may be fewer OprD proteins being
synthesised in dual-species P. aeruginosa cells, which could contribute to the
observed enhancement of meropenem tolerance. To confirm this hypothesis,

proteomic analysis of biofilm cells would need to be done.

6.2 POTENTIATION OF AMPHOTERICIN B ACTIVITY AGAINST C. ALBICANS IN
DUAL-SPECIES BIOFILMS

6.2.1 Accumulation of intracellular ROS

6.2.1.1 Induction of ROS in C. albicans

This study showed significant upregulation of P. aeruginosa phenazine
biosynthetic genes in response to C. albicans in a dual-species biofilm. P. aeruginosa
phenazines have previously been shown to induce ROS production in C. albicans cells
(Morales et al., 2010), leading to the hypothesis that ROS induction could be a
possible mechanism for the potentiation of AmB activity. This hypothesis is supported
by the observation that dual-species biofilm formation with a P. aeruginosa strain

lacking phenazine biosynthetic genes rescued C. albicans viability, relative to wild-
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type. However, this evidence is limited by the lack of a definitive link between

phenazine exposure and increased ROS levels.

Transcriptomic data showed that, in response to P. aeruginosa, the two most enriched
KEGG pathways among significantly upregulated C. albicans genes were a-linolenic
acid metabolism and arginine biosynthesis, both of which are associated with oxidative
stress in C. albicans (Chen et al., 2016, Jiménez-Lopez et al., 2013). Upregulation of
a-linolenic acid metabolism genes is associated with increased peroxisomal activity,
which includes the detoxification of ROS-derived H20, (Chen et al., 2016); indeed, the
C. albicans peroxisome KEGG pathway was also significantly enriched among
significantly upregulated genes, in response to P. aeruginosa. Upregulation of arginine
biosynthetic genes has previously been shown in C. albicans interactions with
macrophages, in response to the phagocyte oxidative burst (Jiménez-Lopez et al.,
2013). In addition, upregulation of C. albicans oxidative stress-associated genes, in
response to P. aeruginosa, is supported by published transcriptomic studies (Fourie
et al., 2021, Grainha et al., 2020, Doing et al., 2020). Furthermore, supplementation
of C. albicans biofilms with ROS-inducing agents enhanced AmB efficacy, which
corroborates research showing that incubation with a superoxide generator

significantly reduces the AmB MIC for C. albicans (Okamoto et al., 2004).

6.2.1.2 Significant downregulation of SOD2 in C. albicans
The C. albicans SOD enzymes, Sod1-6, are required for protection against
oxidative damage (Martchenko et al., 2004). ROS production is a mechanism of action

of AmB (Mesa-Arango et al., 2014) and, consequently, significant upregulation of
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SOD2 is usually observed in AmB-treated C. albicans cells (Liu et al., 2005). This was
supported by the observation that removal of SODZ2 potentiated AmB activity against
single-species C. albicans biofilm cells. Therefore, it would be reasonable to expect
C. albicans SOD genes to be upregulated in response to P. aeruginosa cells that are
overproducing ROS-inducing phenazine molecules (Morales et al., 2010). However,
significant downregulation of C. albicans SOD genes, including SOD2, was observed
in dual-species biofilms. Therefore, it is possible that downregulation of SOD2 may
have led to increased C. albicans AmB susceptibility in the dual-species biofilm. This
is in support of previous research showing that Sod2 is essential for protecting A.

fumigatus cells from P. aeruginosa phenazine-induced ROS (Briard et al., 2015).

These data suggest that increased P. aeruginosa phenazine production may induce
oxidative stress in C. albicans biofilm cells by both increasing intracellular ROS levels
and decreasing the removal of superoxide via downregulation of SODZ2. The resultant
accumulation of ROS is hypothesised to potentiate the activity of AmB against C.
albicans biofilm cells (Figure 6.2). However, further research is needed to determine

the exact mechanism linking ROS accumulation with enhanced AmB efficacy.
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Figure 6.2. Proposed model for potentiation of AmB activity against C. albicans
cells in a dual-species biofilm with P. aeruginosa. (1) Treatment of a single-species
C. albicans biofilm with 2 ug/mL AmB kills some, but not all, cells. (2) In a dual-species
biofilm, P. aeruginosa phenazine production is increased, which may induce an
increase in C. albicans ROS levels. (3) The dual-species interaction also induces
significant downregulation of C. albicans SODZ2, inhibiting the removal of intracellular
superoxide, and leading to a further increase in ROS levels. (4) The accumulation of
intracellular ROS may result in potentiation of AmB activity, so treatment of dual-
species biofilms with 2 ug/mL AmB is able to kill all C. albicans biofilm cells.

AmB, amphotericin B; ROS, reactive oxygen species.

6.2.2 Inhibition of hyphal formation

It is well established in the literature that P. aeruginosa inhibits hyphal formation
in C. albicans biofilm cells via the actions of phenazines and QS molecules (Morales
et al., 2013, Hogan et al., 2004, Grainha et al., 2020). It was therefore unsurprising to
observe significant downregulation of C. albicans genes involved in filamentous
growth, such as HWP1 and HWP2, alongside significant upregulation of P. aeruginosa
QS and phenazine biosynthetic genes in dual-species biofilm cells. Furthermore, P.
aeruginosa is known to bind to C. albicans hyphae and cause hyphal cell death via

secretion of phenazines and phospholipase C (Dhamgaye et al., 2016). As discussed

previously, imaging of biofilms showed tight adherence of P. aeruginosa cells to C.
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albicans hyphae. Therefore, the presence of P. aeruginosa may both inhibit hyphal
formation and kill existing hyphal cells. The ability to form hyphae is associated with
increased tolerance to antifungal treatment (Sharma et al., 2019), so the reduction in
numbers of hyphae may contribute to the potentiation of AmB activity against C.
albicans. This is supported by the observation that the effect was only seen in true
hyphae-forming Candida species, i.e. C. albicans and C. dubliniensis. A role for hyphal
adherence is also supported by the observation that dual-species planktonic cultures
did not show enhanced AmB activity. In planktonic cultures, C. albicans cells were
predominantly in the yeast morphology, and the continual mixing of planktonic cells
reduced the ability of P. aeruginosa to adhere to any hyphae present in the culture.
This hypothesis could be investigated further by comparing the biofim AmB
susceptibility of wild-type strains against yeast-locked strains of C. albicans and C.

dubliniensis.

6.2.3 Insights from transcriptomic data

6.2.3.1 Potential role of iron limitation

As discussed previously, P. aeruginosa pyoverdine biosynthetic genes were
significantly upregulated in the presence of C. albicans. This may give P. aeruginosa
cells an advantage in the inter-species competition for iron. Iron limitation is possibly
a contributing factor in the reduction of C. albicans viability that was consistently
observed in dual-species biofilms (by ~1-2 logio C. albicans CFU/mL). This is
supported by research showing that the sequestration of iron by P. aeruginosa
siderophores can inhibit C. albicans growth (Trejo-Hernandez et al., 2014, Fourie et

al., 2018). Furthermore, there is evidence to suggest that the phenazine molecule 1-
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HP, when present at high concentrations, may be able to chelate iron (Briard et al.,
2015, Fourie et al., 2018). Therefore, enhanced P. aeruginosa iron acquisition,
resulting from upregulation of siderophore (and potentially phenazine) biosynthetic
genes, may contribute to reduced C. albicans viability in dual-species biofilms. In
addition, it could be hypothesised that iron limitation may contribute to the increased
susceptibility of C. albicans biofilm cells to AmB. This hypothesis is supported by
research showing that, when grown under iron-limited conditions, C. albicans biofilm
daughter cells (i.e. cells that have dispersed from the biofilm) show significantly

increased susceptibility to AmB treatment (Baillie and Douglas, 1998).

6.3 CLINICAL IMPLICATIONS

The enhanced meropenem tolerance of P. aeruginosa, in a dual-species biofilm
with C. albicans, has direct implications for the treatment of co-infected patients.
Following standard meropenem treatment, protected P. aeruginosa cells may disperse
from the biofilm and seed new infections sites. Here, the cells may acquire true
resistance, as a result of selection pressure from continued exposure to antibiotic
treatment. In addition, the increased tolerance of dual-species P. aeruginosa biofilm
cells may push the required meropenem concentration above the clinical breakpoint
of >8 pg/mL (EuCAST, 2020a), resulting in the infection being classified as
meropenem-resistant. This highlights the importance of early diagnosis of co-infection,
in which combination antibiotic—antifungal therapy would be a more appropriate first-

line therapy.
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However, the data presented here also suggest that co-infection may enhance the
effectiveness of AmB against C. albicans. Therefore, the order in which antimicrobial
drugs are administered, as part of a combination therapy, is of vital importance. There
is a lack of clinical data on the effects of P. aeruginosa—C. albicans co-infection on
antifungal susceptibility, partly because there are no established treatment guidelines
for cases of co-infection, so clinical practices are highly variable (Fourie and Pohl,
2019). These data indicate that it would be beneficial for AmB treatment to be
administered prior to meropenem treatment. The potentiation effect of P. aeruginosa
would possibly eradicate C. albicans cells from the biofilm co-infection. After this, P.
aeruginosa cells could be treated with meropenem and, in the absence of any live C.
albicans, there would be no protective effect and thus no enhanced tolerance. This
stepwise combination therapy may therefore enhance the clearance of both species

in a biofilm co-infection.

The potentiation of AmB by P. aeruginosa phenazines also has clinical implications
for the treatment of single-species C. albicans biofilm infections, as it suggests the
potential for improving the clinical efficacy of AmB therapy. Considering the toxicity of
AmB at high doses (Kaminski, 2014), and the high cost per dose (Perlin et al., 2017),
a combination therapy that enables an AmB dose reduction could be beneficial in
terms of both reduced side effects and costs. However, phenazines are toxic to
mammalian cells (Vilaplana and Marco, 2020), which prohibits their use in combination
with AmB. Furthermore, combining AmB with a ROS-inducing agent would also harm
host cells through oxidative stress. The observed potentiation of AmB in a C. albicans

Sod2A/A strain raises the possibility of combining AmB treatment with an agent that
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inhibits Sod2 activity. Considering Sod2 is an Mn-SOD, examining the effect of
combining AmB with a manganese chelator may be a research direction worth
pursuing. However, combining AmB with an Mn?*-chelator would harm host cells
because Mn®* is essential for the normal functioning of Golgi in mammalian cells
(Foulquier and Legrand, 2020). Therefore, the development of a drug combination that
will work against fungal cells, without harming mammalian cells, is needed. This could
potentially be in the form of a pro-drug that is inactive until metabolised through a
fungal-specific pathway, such as is the case for the antifungal drug 5-fluorocytosine
(5-FC). Once inside fungal cells, 5-FC is first deaminated to 5-fluorouracil (5-FU),
which is fungistatic. 5-FU is eventually converted to 5-fluorouridine triphosphate, which
disrupts RNA transcripts and inhibits the synthesis of essential proteins (Vermes et
al., 2000, Yu et al., 2020). Therefore, further work is needed to develop a pro-drug for
use in combination with AmB, which can specifically induce intracellular ROS or
reduce Sod2 activity within fungal cells. Alternatively, packaging a ROS-inducing
agent or a Sod2-inhibiting agent into AmBisome, which are commercially-available
liposomal vesicles containing AmB (Walker et al., 2018), may enable the targeted

delivery of combination therapy to C. albicans cells.

6.4 FUTURE PERSPECTIVES

6.4.1 Enhancing C. albicans biofilm susceptibility to antifungals

The data presented here indicate a link between P. aeruginosa phenazines, C.
albicans SOD2, ROS levels, and potentiation of AmB activity against C. albicans
biofilm cells. However, the mechanisms by which these are linked is unclear. Sod2 is

an Mn-SOD that is located in C. albicans mitochondria (Broxton and Culotta, 2016).
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There are several studies that propose the induction of oxidative stress as a
mechanism of action of AmB (Sokol-Anderson et al., 1986, Okamoto et al., 2004),
including research showing that AmB induces ROS production specifically in the
mitochondria of A. fumigatus (Shekhova et al., 2017). Furthermore, inhibition of SODs
is associated with enhanced AmB activity (De Brucker et al., 2013, Briard et al., 2015).
Deletion of SOD2, in particular, is associated with increased C. albicans susceptibility
to redox-cycling agents (Hwang et al., 2003), and to P. aeruginosa phenazine-induced

ROS (Briard et al., 2015).

A greater understanding of the mechanisms governing these interactions may lead to
the development of combination therapies that enhance the activity of AmB, and
perhaps other antifungals, against C. albicans biofilms. Therefore, further research
into how these factors interact to affect C. albicans antifungal susceptibility would be

of great clinical interest.

6.4.2 A more clinically-relevant biofilm model

The work presented here proposes models for the mechanisms by which C.
albicans enhances P. aeruginosa meropenem tolerance, and P. aeruginosa
potentiates AmB activity against C. albicans, in a dual-species biofilm. However, these
conclusions are based on in vitro assays, which somewhat limits the extent to which

findings can be generalised.

The variability in phenotypic outcomes when using different P. aeruginosa strains in

dual-species biofilm assays was discussed in Chapter 5. Such variability is also
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observed in host-pathogen interaction studies; research into pathogenesis
mechanisms of P. aeruginosa in alveolar and bronchial cells, using two reference
strains (PAO1 and PA14) and three clinical isolates, showed that invasion rates and
intracellular persistence differed greatly depending on the infecting P. aeruginosa
strain (Del Mar Cendra and Torrents, 2020). This highlights the importance of choosing
the most suitable P. aeruginosa strain, based on research objectives. In the present
study, C. albicans-mediated enhancement of meropenem tolerance was confirmed in
a P. aeruginosa CF strain. Furthermore, testing of clinical isolates confirmed that
potentiation of AmB activity against C. albicans was observed in response to two
different P. aeruginosa CF strains. Therefore, the data presented here provide a robust
foundation for further enhancing the clinical impact of this research. In future, it would
be interesting to replicate these findings using P. aeruginosa and C. albicans clinical

strains co-isolated from the same patient.

The clinical implications of this research could be further supported by replicating the
findings in a biofilm model that is more representative of the in vivo infection
environment. For example, a recently optimised ex vivo porcine model of CF lung
infection was shown to support the growth of complex biofilm structures that closely
mimic those seen in explanted CF lung tissue, and which are absent from in vitro
biofilm models (Harrington et al., 2020). Therefore, an ex vivo porcine model would be
a suitable biofilm model in which the findings of the present study could be confirmed

in future.
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Background: Pseudomonas aeruginosa is an opportunistic bacterium that infects the airways of cystic fibrosis
patients, surfaces of surgical and burn wounds, and indwelling medical devices. Patients are prone to secondary
fungal infections, with Candida albicans being commmonly co-isolated with P. aeruginosa. Both P. aeruginosa and
C. albicans are able to form extensive biofilms on the surfaces of mucosa and medical devices.

Objectives: To determine whether the presence of C. albicans enhances antibiotic tolerance of P. aeruginosain a
dual-species biofilm.

Methods: Single- and dual-species biofilms were established in microtitre plates and the survival of each species
was measured following treatment with clinically relevant antibiotics. Scanning electron microscopy and
confocal microscopy were used to visualize biofilm structure.

Results: C. albicans enhances P. aeruginosa biofilm tolerance to meropenem at the clinically relevant concen-
tration of 5 mg/L. This effect is specific to biofilm cultures and is dependent upon C. albicans extracellular matrix
polysaccharides, mannan and glucan, with C. albicans cells deficient in glycosylation structures not enhancing
P. geruginosa tolerance to meropenem.

Conclusions: We propose that fungal mannan and glucan secreted into the extracellular matrix of
P. aeruginosal/C. albicans dual-species biofilms play a central role in enhancing P. aeruginosa tolerance to mero-

penem, which has direct implications for the treatment of coinfected patients.

Introduction

The majority of infections in humans are polymicrobial in nature,
with common diseases no longer considered to be caused by a
single aetiological agent.' The most prevalent polymicrobial infec-
tions include periodontitis, gastroenteritis, diabetic foot wounds,
burn wounds and biofilm-associated infections.*?

The genetic disease, cystic fibrosis (CF), is characterized by
thickening of the mucus layer lining the endothelium of the re-
spiratory tract, which provides an ideal environment for microbial
colonization.?> Reduced mucociliary clearance enables these
microorganisms to persist and form polymicrobial biofilms on the
mucosa of the lower respiratory tract.' The CF lung is a major site
of interaction between Pseudomonas aeruginosa and Candida albi-
cans.*> Around 70% of CF patients become chronically infected
with P. aeruginosa by the age of 30,° with C. albicans isolated from

up to 75% of CF patients,” although sputum samples are often
contaminated with microbes from the upper respiratory tract and
oral cavity.® However, simultaneous colonization has been linked
to severer clinical outcomes,®*° due to accelerated decline in lung
function and worsening of disease progression.' %!

Biofilms are structured communities of microbial cells ensnared
within a matrix of extracellular polymeric substances.!**? Biofilms
are formed by bacterial and fungal species and an estimated
65%-80% of all microbial infections in humans are biofilm
related.>'* This has important clinical implications as the MICs
of antimicrobials for biofilm cells can be 100-1000 times greater
than for planktonic cells.?>'®  Antimicrobial resistance in
microorganisms poses an increasing challenge to public health
worldwide,'”*® making biofilms a particularly relevant topic of
research.

©The Author(s) 2019. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Previous work on interactions between P. aeruginosa and
C. albicans has focused predominantly on physical and molecular
interactions and their effects on growth, morphology and viru-
lence.r*2* However, little is known of how their interactions affect
antimicrobial drug efficacy. Studies on mono-species C. albicans
and P. aeruginosa biofilms have linked biofilm extracellular matrix
(ECM) material to antimicrobial drug inhibition. For example, the
fungal polysaccharide B-1,3-glucan sequesters the antifungal flu-
conazole,”®> whilst the P. aeruginosa exopolysaccharides Pel and
Psl are implicated in the inhibition of various antibiotics, including
tobramycin.?® Therefore, a greater understanding of the impact
of this cross-kingdom interaction on antimicrobial tolerance is of
great clinical importance.

Meropenem is a first-line antibiotic for treating Pseudomonas
infections in the CF lung.?” Meropenem is a carbapenem p-lactam
that targets PBPs within Gram-negative bacteria, causing inhibition
of cell wall peptidoglycan synthesis, ultimately leading to osmotic
lysis of bacterial cells.?®? Meropenem is administered intraven-
ously as a 15-30 min infusion of 1-2 g (adult dose), thrice daily for
2 weeks.*® When P. aeruginosa biofilms are treated with clinical
doses of meropenem, only bacteria at the biofilm peripheries are
killed, whilst cells closer to the base remain viable.>* In patients,
the meropenem concentration found in epithelial lining fluid 1h
post-treatment is 5.3mg/L,>® with the clinical breakpoint of
Pseudomonas being >8 mg/L.>* Therefore, slight deviations in tol-
erance of P. aeruginosa to meropenem could impede clearance
of the infection. Here, we observed that P. aeruginosa/C. albicans
dual-species biofilms displayed enhanced tolerance to merope-
nem. This protection was provided through active secretion of
fungal ECM components, specifically mannan and B-glucan.
Therefore, co-colonization of P. aeruginosa and C. albicans
within the CF lung may result in small reservoirs of protected
P. aeruginosa, which could survive antimicrobial treatment and
reseed the infection site.

Materials and methods

Strains and growth conditions

Strains of P. aeruginosa and Candida species used in this study are listed
in Table 1. P. aeruginosa strains were maintained on, and cultured in,
Miller-modified LB and C. albicans strains in yeast extract peptone dextrose
(YPD) medium. Both were grown at 37°C, with aeration at 200 rpm.
Antimicrobials (from Sigma-Aldrich, UK) were used at the following concen-
trations (mg/L): meropenem, 0, 1, 2.5, 5 and 10; ceftazidime, 0 and 5;
ciprofloxacin, 0 and 0.05; tobramycin, 0 and 2; and fluconazole, 0, 250, 500,
750 and 1000.

Formation of dual-species biofilms

Biofilms were grown in 96-well plates as previously described. Briefly, cul-
tures were washed twice in PBS and P. aeruginosa cultures diluted to ODgog
of 0.2 and Candida strains diluted to 1x10° cells/mL in Mueller-Hinton broth
(MHB) or DMEM supplemented with 1% L-glutamine. P. aeruginosa
(2.4%10% and Candida (1x10°) cells were incubated statically in flat-
bottom 96-well plates for 2h at 37°C to enable attachment, then non-
adhered cells were removed and replaced with fresh medium. After 24h,
the medium was replaced with fresh medium containing the appropriate
amount of antimicrobial, or vehicle control, for an additional 18 h. To disrupt
biofilms, medium was replaced with 100 uL of PBS containing 50 mg/L

DNase and incubated at 37°C for 1 h. Biofilms were detached using a water
bath sonicator, serially diluted 1 in 10 in PBS and plated onto cetrimide
agar (to determine viable P. aeruginosa cfu) and YPD agar supplemented
with  100mg/L tetracycline (to determine viable Candida cfu).
Experiments were performed with three technical and at least three
biological replicates.

Formation of P. aeruginosa biofilms in the presence of
dead C. albicans or ECM components

To inactivate C. albicans, stationary-phase cultures were washed with PBS
and cells either heat-killed at 100°Cin PBS for 1 h or fixed in 1 mL of 4% par-
aformaldehyde (PFA) at room temperature for 1 h. Cells were then washed
with PBS and diluted in MHB to 1x10° cells/mL. Subsequently, biofilms were
established and quantified as above.

Mono-species P. aeruginosa biofilms were established and grown for
24h in MHB supplemented, at either O or 24 h, with 0.25mg/mL glucan
(from Saccharomyces cerevisiae), laminarin (from Laminaria digitata), man-
nan (from S. cerevisiae) or chitosan. All polysaccharides were obtained from
Sigma-Aldrich, UK. After 24 h, medium was replaced with MHB containing
the appropriate amount of antibiotic and biofilms were subsequently incu-
bated and quantified as above.

Scanning electron microscopy of biofilms

Biofilms were prepared for scanning electron microscopy using a previously
published protocol>* with modifications. Single- and dual-species biofilms
were grown on cell culture-treated plastic coverslips (Thermo Fisher
Scientific) in 24-well plates for 24h, after which the MHB medium was
replaced with MHB with or without 5 mg/L meropenem. At 48 h, coverslips
were washed twice with PBS and samples fixed in 2.5% glutaraldehyde in
0.1 M phosphate buffer for 1h, at 4°C. Samples were dehydrated using
increasing ethanol concentrations (50%, 70%, 90% and 100%) twice for
15min each. Ethanol was replaced with liquid CO, and heated up to the
critical point to dry the samples. Each coverslip was mounted on a stub and
sputter-coated with platinum. Scanning electron microscopy images were
captured using a Philips XL30 ESEM-FEG environmental scanning electron
microscope.

Confocal microscopy of biofilms

Single- and dual-species biofilms with or without 5 mg/L meropenem were
grown as above, scaled up to a final volume of 6 mL, in 6-well plates.
Medium was replaced with PBS containing 5 mg/L propidium iodide (stains
dead cells), 1 uM Syto 9 (dyes DNA) and 3 mg/L calcofluor white (stains
fungal cell wall chitin) and incubated at 4°C in the dark for 1 h. Biofilms
were then fixed by adding 4% PFA, incubated at 4°C in the dark for 1 h
and then washed twice with PBS. Confocal microscopy was performed
using a Leica SP8 system equipped with a Leica DM6 upright microscope,
a x40/0.80 objective and 402, 488 and 561 nm lasers. Biofilms were
imaged directly in wells with a water-dipping lens. Z-stack scans were
taken at two or three different areas within each well and processed
with Fiji and LASx software.

Planktonic assay

P. aeruginosa (2.4x107) and C. albicans (1x10°) cells were added to 14 mL
vent-capped culture tubes in a final volume of 2mL MHB. Cultures were
incubated for 3 h at 37°C with aeration at 200 rpm; the appropriate amount
of antibiotic was added and cultures incubated for an additional 18h.
Cultures were sonicated in a water bath sonicator and serially diluted and
plated for viable counts. Experiments were performed with three technical
and four biological replicates.
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Table 1. Bacterial and fungal strains used in this study

Reference/source

Strain Common name Genotype
P. aeruginosa strains
ATCC 15692 PAO1 WT
Midlands 1 Midlands 1 clinicalisolate
C. albicans strains
SC5314 SC5314 type strain
NGY152 NGY152 ura3A:imm34/ura3A::immé434; RPS1/rps1A::URA3
NGY355 pmrlA ura3A:immé434/ura3 A::immé434; pmrlA::hisG/pmr1A::hisG; RPS10/
rps10A:URA3
NGY356 pmrl1A+ PMR1 ura3A:immé434/ura3 A::immé434; pmrlA::hisG/pmr1 A::hisG; RPS1/
rps1A:Clp10-PMR1
CDH15 mnn4A ura3A:immé434/ura3 A:immé434; mnn4 A::hisG/mnn4A::hisG; RPS10::URA3
CDH13 mnn4A + MNN4 ura3A:immé34/ura3 A:imm434; mnn4 A::hisG/mnn4A::hisG; RPS10::
[CIp10-MNN4-URA3],
NGY582 mnn2A ura3A:immé34/ura3 A:immé34; mnn2 A::dpi200/mnn2 A::dpi200;
RPS1/rps1A::Clp10
NGY583 mnn2A + MNN2 ura3A:immé34/ura3A:immé434; mnn2 A::dpl200/mnn2 A::dpl200;
RPS1/rps1A:CIp10-MNN2
NGY600 Amnn2-26 ura3A:immé434/ura3A:immé434; mnn2 A::dpl200/mnn2 A::dpl200;
mnn22A:dpl200/mnn2 A:dpl200; mnn23 A::dpl200/mnn23 A:dpl200;
mnn24A::dpl200/mnn24A::dpl200; mnn26A::dpl200/mnn26 A::dpl200;
mnn21A:dpl200/mnn21A::dpl200; RPS1/rps1 A:CIp10
NGY337 mnt1A/mnt2A ura3A:imméa34/ura3 A:imm434; mnt1A::hisG/mnt1 A:hisG; mnt2 A::
hisG/mnt2 A::hisG; RPS10/rps10A::CIp10
NGY335 mnt1A/mnt2A ura3A:imméa34/ura3 Aimm434; mnt1A::hisG/mnt1 A:hisG; mnt2 A::
+ MNT1 hisG/mnt2 A::hisG; RPS10/rps10A::CIp10-MNT1

Non-albicans Candida strains

WU284 C. dubliniensis WT

CAY676 C. tropicalis type strain
CLIB214 C. parapsilosis type strain
AM16/0701 C. krusei clinical isolate
ATCC 2001 C. glabrata type strain

ATCC
48

56
57
58

58

57
57

46
46

46

55

55

59

ATCC

60

D. MacCallum, University of
Aberdeen, Scotland, UK

ATCC

Determination of P. aeruginosa susceptibility to
meropenem

MICs of meropenem were determined for P. aeruginosa strains according to
the standardized broth microdilution method using MHB.>> Concentrations
of meropenem used were 0, 1, 2, 4, 8, 16 and 32 mg/L. MICs were deter-
mined for P. aeruginosa strains using cells grown on LB agar and cells recov-
ered from biofilms. MICs were the lowest concentrations of meropenem
that caused no visible growth.

Statistical analysis

Statistical analyses were done using GraphPad Prism 8.0.0 software.
Data were analysed using two-way ANOVA and Holm-Sidak’s multiple
comparisons test.

Results

C. albicans increases the tolerance of P. aeruginosa to
meropenem in dual-species biofilms

To determine whether the presence of C. albicans within a
P. aeruginosa biofilm can enhance tolerance of P. aeruginosa to

meropenem, preformed mono-species (P. aeruginosa) and dual-
species (P. aeruginosal/C. albicans) biofilms were treated with
meropenem and P. aeruginosa survival quantified by viable counts.
Given that the concentration of meropenem in the lung immedi-
ately after administration is between 5 and 6mg/L,*° this
drug concentration was the focus of the study. The viability of
P. aeruginosa mono-species biofilms was reduced to 25.35% when
treated with 5mg/L meropenem, indicating P. aeruginosa biofilm
cells are susceptible to meropenem. Fewer P. aeruginosa cells
were recovered from dual-species biofilms, which is likely due to
nutrient competition. However, in the presence of C. albicans,
meropenem was non-effective against P. aeruginosa in both MHB
(Figure 1a) and DMEM (Figure S1, available as Supplementary data
at JAC Online), indicating that this inter-kingdom interaction
negatively affects meropenem efficacy.

To visualize the structure of the biofilms, samples were ana-
lysed by scanning electron microscopy and confocal microscopy.
Mono-species P. aeruginosa biofilms were significantly reduced in
the presence of meropenem, while in the meropenem-treated
dual-species biofilms, significant levels of P. aeruginosa colonized
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Figure 1. C. albicans increases the tolerance of P. aeruginosa to meropenem in a dual-species biofilm. (a) Preformed 24 h biofilms were incubated for
18h in MHB containing no antibiotic or 5mg/L meropenem. Data are the mean+SEM from five biological replicates. Data were analysed using
two-way ANOVA and Holm-Sidak’s multiple comparisons test (**P<0.01). NS, not significant. (b) Scanning electron microscopy analysis of biofilms.
Meropenem treatment of mono-species P. aeruginosa biofilms results in death of bacterial cells, whilst the presence of C. albicans in the dual-species
biofilm enhances meropenem tolerance; the tight association of P. aeruginosa cells to fungal surfaces is visible. C. albicans alone is unaffected by
meropenem. (c) 3D reconstructions of biofilms from confocal z-stacks. Red indicates propidium iodide stain (dead cells), green indicates Syto 9 dye
(DNA) and blue indicates calcofluor white stain (chitin).
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the fungal hyphae (Figure 1b), confirming the cfu data. In agree-
ment with this, the biofilm thickness was lower in meropenem-
treated dual-species biofilms (Figure 1c and Figure S2), indicating
dense packing of bacterial cells against fungal hyphae, creating
a more compact biofilm structure. Therefore, the presence of
C. albicans enhances the tolerance of P. aeruginosa to meropenem.

To identify whether this dual-species interaction had any
impact on antifungal resistance, biofilms were treated with flucon-
azole. C. albicans cells in dual-species biofilms showed similar sus-
ceptibility levels to fluconazole as untreated controls at all tested
concentrations. Therefore, the presence of P. aeruginosa does
not affect the antifungal activity of fluconazole under the tested
conditions (Figure S3).

Meropenem tolerance is not maintained following
subculture of P. aeruginosa biofilm cells

The selective pressure from antibiotic use increases the likelihood
of cells developing resistance. The sessile nature and close proxim-
ity of biofilm cells promotes cell-cell interactions,*® increasing
horizontal gene transfer and mutation frequencies relative to
planktonic cells.?” Furthermore, the presence of C. albicans
increases P. aeruginosa mutation rates.”” To determine whether
the observed increase in meropenem tolerance of P. aeruginosa
was due to selection for resistance mutations, the meropenem
MICs for cells recovered from both P. aeruginosa mono- and dual-
species biofilms that had been treated with 5mg/L meropenem,
or untreated, were determined by standard broth microdilution
MIC assay and compared with the MIC for the starter culture.
The MIC for P. aeruginosa under all tested conditions was 4 mg/L,
suggesting that P. aeruginosa cells recovered from treated biofilms
were not resistant to meropenem and, therefore, the observed
increased tolerance was unlikely due to selection for resistance
mutations.

Increased tolerance of P. aeruginosa to meropenem is
specific to dual-species biofilms

Enhanced survival of P. aeruginosa as a result of interactions with
C. albicans has previously been observed in planktonic cultures,
through inter-kingdom communication via secreted metabo-
lites.?! To determine whether the observed increase in merope-
nem tolerance of P. aeruginosa was specific to biofilms, P.
aeruginosa susceptibility to meropenem in the presence of C. albi-
cans was tested during planktonic growth. At all meropenem con-
centrations tested, there was no significant difference in P.
aeruginosa survival whether in the presence or absence of C. albi-
cans (Table 2), suggesting that C. albicans-mediated protection is
biofilm specific.

Increased P. aeruginosa tolerance to meropenem is
dependent on fungal viability

Production of biofilm ECM is an active process, involving secretion
of glycoproteins, polysaccharides, lipids and nucleic acids.? To de-
termine whether the protective effect of C. albicans is mediated by
an active or passive mechanism, P. aeruginosa biofilms were
grown in the presence of either heat-killed C. albicans (disrupts the
fungal cell wall, denatures proteins and causes cell lysis) or by

Table 2. Increased P. aeruginosa meropenem tolerance in the presence
of C. albicans is biofilm specific

P. aeruginosa

Meropenem Planktonic count (cfu/mL),

(mg/L) culture mean * SEM P

0 mono-species 4.00%x10°+4.14x 108 0.9040
co-culture 3.81x10°+2.78x 108

1 mono-species 2.19%10°+1.63x 108 0.3218
co-culture 1.64x10°+2.97x 108

2.5 mono-species 7.36x108+8.39x 107 0.9650
co-culture 8.12x108+1.57x 108

5 mono-species 8.75x107+2.82x 10’ 0.9650
co-culture 1.56x 108 +4.92x 107

Planktonic cultures were grown for 3 h and subsequently incubated for
18h in MHB containing 0, 1, 2.5 or 5mg/L meropenem. Data are the
mean * SEM from four biological replicates. Data were analysed using
two-way ANOVA and Holm-Sidak’s multiple comparisons test.
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Figure 2. Increased tolerance to meropenem is dependent on fungal
viability. Preformed 24 h biofilms were incubated for 18 h in MHB contain-
ing no antibiotic or 5mg/L meropenem. Data are the mean+SEM from
five biological replicates. Data were analysed using two-way ANOVA and
Holm-Sidak’s multiple comparisons test (**P<0.01). NS, not significant.

fixing the C. albicans cells in 4% PFA (maintains cell structure).
However, in the presence of heat-killed or PFA-fixed C. albicans,
P. aeruginosa remained susceptible to meropenem (Figure 2),
suggesting that C. albicans actively protects P. aeruginosa from
meropenem.

Candida dubliniensis also enhances P. aeruginosa
meropenem tolerance in dual-species biofilms

Only a few species of the Candida genus are associated with dis-
ease in humans, including C. albicans, C. dubliniensis, Candida tropi-
calis, Candida parapsilosis, Candida krusei and Candida glabrata.®
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Figure 3. C. dubliniensis also enhances tolerance of P. aeruginosa to
meropenem in dual-species biofilms. Preformed 24h biofilms were
incubated for 18 h in MHB containing no antibiotic or 5 mg/L meropenem.
Data are the mean+SEM from three biological replicates. Data were
analysed using two-way ANOVA and Holm-Sidak’s multiple comparisons
test (*P<0.05). NS, not significant.

To determine whether other Candida species can also protect
P. aeruginosa from meropenem, biofilms were grown in the pres-
ence of these clinically relevant non-albicans Candida (NAC) spe-
cies. Of the NAC species tested, only C. dubliniensis increased the
tolerance of P. aeruginosa to meropenem (Figure 3). C. dubliniensis
is phylogenetically most closely related to C. albicans,® indicating
that C. albicans and C. dubliniensis may enhance P. aeruginosa
meropenem tolerance in a similar manner.

Fungal cell wall polysaccharides enhance P. aeruginosa
tolerance to meropenem

The secretion of ECM polymers, specifically polysaccharides, by
C. albicans biofilm cells is linked to increased antifungal resistance
of fungal biofilms.*®*! However, there is increasing evidence that
fungal ECM polysaccharides also contribute to antibiotic resistance
in dual-species fungal/bacterial biofilms.>#%?%3 To determine
whether secreted fungal cell wall polymers play arole in protecting
P. aeruginosa, mono-species P. aeruginosa biofilms were grown in
the presence of purified fungal cell wall polysaccharides, including
glucan (a mix of B-1,3-glucan and B-1,6-glucan), laminarin (an iso-
form of B-1,3-glucan), mannan and chitosan (deacetylated chitin).
Both mannan and glucan enhanced tolerance of P. aeruginosa to
meropenem in biofilms (Figure 4a), but not in planktonic cultures
(Figure 4c). To determine whether mannan and glucan have
independent effects, P. aeruginosa biofilms were supplemented
with glucan and mannan in combination. However, no additive
effect was observed (Figure 4b). Mannan and glucan protected
P. aeruginosa when added to mature biofilms at the same time as
meropenem (Figure S4), suggesting that the polysaccharides may
sequester or inhibit the activity of the drug. Therefore, C. albicans
actively secretes mannan and/or glucan into the biofilm ECM,
which protects P. aeruginosa from meropenem.

C. albicans cell wall glycosylation is important for
protection against meropenem

To further investigate the role of fungal mannan in meropenem
tolerance, the ability of C. albicans cell wall glycosylation mutants
to protect P. aeruginosa was quantified. C. albicans has two major
forms of mannan, the extensively branched N-linked mannan and
the simple, linear O-linked mannan. Deletion of genes involved in
key glycosylation steps results in the incorporation of altered man-
nan epitopes in the cell wall (Figure 5a) and within the ECM.**™*€ To
elucidate the role of these glycosylation structures in protecting
P. aeruginosa from meropenem, mutants defective in general pro-
tein glycosylation (pmrlA, ATPase required for transporting Ca®*
and Mn?* ions into the Golgi), N-mannan phosphomannan incorp-
oration (mnn4A), N-mannan side chain elaboration (mnn2A,
mnn2-26A) and O-mannan biosynthesis (mntIA/mnt2A) were
tested for their ability to protect P. aeruginosa from meropenem.
Deletion of genes required for N-mannan biosynthesis (mnn4,
mnn2-26 and pmr1) reduced the ability of C. albicans to protect
P. aeruginosa from meropenem (Figure 5b and c). Scanning elec-
tron microscopy analysis showed very few bacterial cells surviving
meropenem treatment in dual-species biofilms with C. albicans
glycosylation mutants (Figure 5e) but bacteria that did survive
were closely adhered to the fungal cell surface, suggesting cell-
cell adherence may play a role in meropenem tolerance. In agree-
ment with this, deletion of genes involved in O-mannan biosyn-
thesis (mnt1/mnt2), which have previously been shown to be
involved in bacterial attachment to C. albicans,*’” had the greatest
impact on P. aeruginosa protection (Figure 5d and e). This indicates
that protection of P. aeruginosa requires full elaboration of fungal
mannan.

C. albicans does not enhance P. aeruginosa tolerance to
other antibiotics

To determine whether the presence of C. albicans also affects toler-
ance of P. aeruginosa biofilm cells to other clinically relevant antibi-
otics, mono- and dual-species biofilms were treated with 5mg/L
ceftazidime, 0.05 mg/L ciprofloxacin, 2 mg/L tobramycin or a com-
bination of 5mg/L meropenem and 2 mg/L tobramycin. However,
the presence of C. albicans did not provide protection against these
antimicrobial treatments (Figure S5a and b), suggesting that the
mechanism by which C. albicans confers enhanced tolerance is likely
due to the chemical structure of meropenem.

C. albicans protects P. aeruginosa CF isolates from
meropenem

To explore the clinical relevance of the above findings, the ability of
C. albicans to increase meropenem tolerance of clinical CF isolates
was tested. Mono-species biofilms of the Midlands 1 CF isolate®®
were susceptible to meropenem. However, P. aeruginosa survival
was unaffected during growth in a dual-species biofilm with
C. albicans (Figure6), suggesting that in CF patients, co-
colonization with C. albicans may increase P. aeruginosa tolerance
to meropenem.
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Figure 4. Mannan and glucan enhance P. aeruginosa biofilm tolerance to meropenem. Fungal polysaccharides were used at a final concentration of
0.25mg/mL. (a) Mannan and glucan enhance P. aeruginosa biofilm tolerance to 5 mg/L meropenem. Preformed 24 h biofilms were incubated for 18 h
in MHB containing no antibiotic or 5 mg/L meropenem. Data are the mean * SEM from six biological replicates. (b) The effects of mannan and glucan
are not additive. (c) Enhanced meropenem tolerance from mannan and glucan is biofilm specific. Planktonic cultures supplemented with exogenous
mannan and/or glucan were grown for 3 h and subsequently incubated for 18 h in MHB containing 5 mg/L meropenem. Data are the mean+SEM
from three biological replicates. Data were analysed using two-way ANOVA and Holm-Sidak’s multiple comparisons test (*P<0.05, **P<0.01 and

***+P<0.0001). NS, not significant.

Discussion

P. aeruginosa and C. albicans are commonly co-isolated from the
sputum of CF patients,*® where the thickened mucus layer lining
the endothelium of the lower respiratory tract provides an ideal
environment for biofilm formation.®” Chronic P. aeruginosa colon-
ization in the CF lung is correlated with increased likelihood of
C. albicans colonization, indicating a synergistic interaction that
leads to a greater decline in lung function.’®'* Here, we show that
C. albicans significantly enhanced P. aeruginosa biofilm tolerance
to 5mg/L meropenem in both a laboratory strain and a CF isolate.
Although the protective effect was relatively small (<1logig

change in P. aeruginosa cfu/mL), this may still have clinical rele-
vance. For example, the clinical breakpoint of P. aeruginosa for
meropenem is >8 mg/L;3? this increased tolerance could push the
required meropenem concentration over the clinical breakpoint,
categorizing the infection as meropenem resistant. This has direct
implications for treatment of CF patients who present with coinfec-
tion. Standard doses of meropenem may become insufficient
for treating P. aeruginosa infection, with combination antibiotic/
antifungal therapy being a potentially more effective therapeutic
option.

The protective effect of C. albicans was biofilm specific and
dependent upon fungal ECM components. This is consistent with
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Figure 5. C. albicans cell wall glycosylation is important for protection against meropenem. (a) Schematic diagram representing the structure of N-mannan
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prmrlA mutant causes loss of a Golgi Ca>*/Mn?*-ATPase, affecting numerous mannosyltransferases, so the extent of truncation of the o-1,6-mannose
backbone is variable.“**> (b) N-mannan glycosylation is important for protection against meropenem. Preformed 24 h biofilms were incubated for 18 h in
MHB containing no antibiotic or 5 mg/L meropenem. The N-mannan glycosylation mutants (mnn4A, pmrlA or mnn2A) inhibit the ability of C. albicans to
protect P. aeruginosa. Tolerance to meropenem is restored in reconstituted control strains. (c) The mnn2-26A sextuple mutant, in which only the unsubsti-
tuted a-1,6-mannose backbone of N-mannan remains, inhibits the ability of C. albicans to protect P. aeruginosa. (d) O-mannan glycosylation is important
for protection against meropenem. The mntIA/mnt2A double mutant inhibits the ability of C. albicans to protect P. aeruginosa. Meropenem tolerance
is restored when MNT1 is reconstituted. Data are the mean*SEM from three biological replicates. Data were analysed using two-way ANOVA and
Holm-Sidak’s multiple comparisons test (**P<0.01, **P<0.001 and ****P<0.0001 in panels b, c and d). NS, not significant. (e) Scanning electron microscopy
analysis of biofilms. Deletion of genes required for fungal N-mannan biosynthesis (mnn4) or O-mannan biosynthesis (mnt1/mnt2) reduced the ability of C.
albicans to protect P. aeruginosa from meropenem, as indicated by the reduction in the number of bacterial cells following meropenem treatment; the ma-
jority of surviving bacteria are in close contact with fungal cells. When the genes (MNN4 or MNT1) are reconstituted, the protective effect is restored, as evi-
denced by the abundance of P. aeruginosa cells coating the fungi in the meropenem-treated samples.
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from five biological replicates. Data were analysed using two-way
ANOVA and Holm-Sidak’s multiple comparisons test (*P<0.05). NS, not
significant.

other reports where C. albicans ECM components have been shown
to provide protection against ofloxacin and vancomycin in dual-
species biofilms with Escherichia coli and Staphylococcus aureus,
respectively.*>*> However, in contrast to these studies, where
C. albicans ECM components provide protection against a range
of antimicrobials, C. albicans ECM components only increased
P. aeruginosa tolerance to meropenem. This suggests that the
mechanism by which C. albicans ECM components enhance
meropenem tolerance may be different to those proposed for
other antibiotics. Considering the effect was not seen for other
B-lactams (i.e. ceftazidime) this suggests the protective mechan-
ism may depend on chemical structure or ability to bind mannan
or B-glucan, rather than the mode of action.

Previously, mannan and B-glucan have been shown to bind
and sequester antimicrobials, limiting their diffusion through
biofilms.** Therefore, it is possible that the actual concentration of
meropenem within dual-species biofilms is significantly lower.
Similar interactions have been observed in dual-species biofilms
where Streptococcus mutans exopolysaccharides bind and se-
quester fluconazole, reducing its efficacy against C. albicans.*®
Alternatively, mannans or glucans may coat bacterial cells, provid-
ing a physical barrier that impedes drug permeation, supporting
the proposed mechanism by which S. aureus is protected from
vancomycin. 2

Although C. albicans remains clinically the most commonly
isolated Candida species, the prevalence of NAC species is increas-
ing.>° C. dubliniensis was the only NAC species that protected
P. aeruginosa from meropenem. This finding is of clinical relevance
as, although less common than C. albicans, the prevalence of
C. dubliniensis within CF patients ranges from 2.6% to 39.0%
and there are cases of C. dubliniensis being co-isolated with
P. geruginosa from the lower respiratory tracts of CF patients.>*
C. dubliniensis is the most closely related NAC species to C. albicans

and, as a result, their biofilms are structurally similar,*%3° with net-

works of yeast and hyphal cells embedded in a comparable ECM.>?
Although the other NAC species produce biofilms, the composition
of their ECM is considerably different®*** and their biofilms lack
hyphae, which are important for bacterial attachment. Scanning
electron microscopy confirmed that most bacteria in the treated
dual-species biofilms were attached to fungal hyphae, suggesting
that this interaction is important for protection. This hypothesis is
supported by the fact that removal of O-mannan, which is required
for bacterial binding,*”>> reduced the ability of C. albicans to pro-
tect P. ageruginosa. However, given that purified carbohydrates
were able to provide similar protection to C. albicans, it would
suggest that ECM composition is the major contributing factor
providing antimicrobial protection.

In conclusion, secreted C. albicans ECM polysaccharides protect
P. aeruginosa by reducing the efficacy of meropenem. Clinically,
this could result in persistent bacterial infection due to pockets of
protected cells, which may then acquire true resistance as a result
of continued exposure to subMIC concentrations of antibiotics.
This highlights the importance of early diagnosis of dual-species
biofilm infections, so that more efficacious therapeutic options,
such as combination antibiotic/antifungal therapy, can be
considered.
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Figure S1. C. albicans increases the tolerance of P. aeruginosa to meropenem in
both Mueller Hinton broth and DMEM. Preformed 24 h biofilms were incubated in
DMEM (supplemented with 1% L-glutamine) or Mueller Hinton broth containing no
antibiotic or 5 mg/L meropenem, for 18 h. Data show the mean + the SEM from 4
biological replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s

multiple comparisons test (*** P < 0.001; **** P < 0.0001).
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Figure S2. Quantification of biofilm thickness from confocal microscopy images.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing 0 or 5 mg/L
meropenem, for 18 h. Biofilms were fixed, stained and washed, before confocal images
were taken from 2-3 areas per biofilm. Data show the mean + the SEM from 2
biological replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s

multiple comparisons test (* P < 0.05; ** P < 0.01; **** P < 0.0001).
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Figure S3. P. aeruginosa does not increase C. albicans sensitivity to fluconazole.
Preformed 24 h biofilms were incubated in Mueller Hinton broth containing 0, 250, 500,
750 or 1000 mg/L fluconazole for 18 h. Data are the mean * the SEM from 4 biological
replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s multiple

comparisons test (* P < 0.05).
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Figure S4. Mannan and glucan enhance P. aeruginosa biofilm tolerance to
meropenem, even when added to pre-formed biofilms. Pre-formed 24 h biofilms
were incubated for 18 h in Mueller Hinton broth containing no antibiotic, 5 mg/L
meropenem, 0.25 mg/mL mannan or glucan, or a combination of these. Data are the

mean * the SEM from 4 biological replicates. Data were analysed using 2-way ANOVA

and Holm-Sidak’s multiple comparisons test (*** P < 0.001).
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Figure S5. C. albicans does not enhance P. aeruginosa tolerance to other
antibiotics. Preformed 24 h biofilms were incubated for 18 h in Mueller Hinton broth
containing meropenem (5 mg/L), ceftazidime (5 mg/L), ciprofloxacin (0.05 mg/L),
tobramycin (2 mg/L), or a combination of meropenem and tobramycin. These
antibiotics were chosen due to their clinical relevance: meropenem is combined with
the aminoglycoside, tobramycin, for the treatment of P. aeruginosa infections in the CF
lung (Cystic Fibrosis Trust, 2009); the cephalosporin, ceftazidime, is a first-line therapy

for the treatment of P. aeruginosa infections; and the fluoroquinolone, ciprofloxacin, is
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used to treat chronic P. aeruginosa infections in the CF lung (Wagner et al, 2016). The
concentrations tested represent those found in patients; the concentration of
ceftazidime found in the epithelial lining fluid following a standard dose (20 mg per kg
of body weight) is 6 mg/L (Cousson et al., 2015), the concentration of ciprofloxacin
found in the epithelial lining fluid 24 h after a 500mg dose is negligible (Gotfried et al.,
2001), and that of tobramycin 2 h after treatment is 1.67 mg/L (Caracas et al., 1999).
(a) C. albicans does not enhance p. aeruginosa tolerance to ceftazidime or
ciprofloxacin. (b) C. albicans does not enhance p. aeruginosa tolerance to tobramycin
or combination meropenem—tobramycin treatment. Data are the mean + the SEM from
4 biological replicates. Data were analysed using 2-way ANOVA and Holm-Sidak’s

multiple comparisons test (* P < 0.05; **** P < 0.0001).
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ﬁ:‘ SPOTLIGHT

Candida albicans
A shape-shifting fungus

The fungus Candida albicans has co-evolved with humans and our ancestors
for millions of years. Microbiologist Farhana Alam examines how this fungus
switches from being harmless to causing disease in its human hosts

Around 80% of humans host Candida albicans, a fungus, in their gut or
mouth, without it causing any apparent symptoms. This classes it as a
commensal organism. However, stresses such as the use of immunosuppressant
drugs or antibiotics, or undergoing invasive surgery, can remove microbial
competition. This enables C. albicans to grow more freely in the body. This can
typically result in oral thrush, termed oral candidiasis, which affects 40-70% of
otherwise healthy individuals at least once in their lifetime. Similarly, changes
in C. albicans behaviour will cause vaginal candidiasis (vaginal thrush). Around
75% of females will be affected at some point during their lives.

If C. albicans gets into the bloodstream, it results in fungal-induced sepsis.
This can spread throughout the body and to organs including the kidneys and
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liver, causing organ failure and leading to death
in over 40% of cases. Around 250000 people
worldwide each year suffer such extreme infections.
This makes C. albicans the fourth most common
bloodstream infection in intensive care units, and
is most common in older people.

It is estimated that there are up to 5 million
species of fungi, but only around 100000 have
been identified to date, using genome sequencing
methods. Many of these play vital roles in the
functioning of ecosystems, in processes including
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Figure 1 Structure of a C. albicans yeast cell
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decomposition and nutrient cycling. Around 300
species impact human health, including C. albicans.
The name comes from the Latin ‘candidus’ meaning
white, and ‘albicd’ meaning ‘becoming white'.

Structure of C. albicans

Fungi are eukaryotic organisms and fungal cells
have the same organelles as animal cells. The
feature of fungi that distinguishes them from other
eukaryotes is their unique cell walls (see Figure 1),
which differ from plant cell walls in both structure
and composition. The cell wall of C. albicans is made
of a thin inner layer of polysaccharides, including
chitin and glucans, and a thick outer layer of
glycoproteins. The inner layer provides structural
support, maintaining cell shape and rigidity, while
the outer layer is essential for cell-cell interactions
and virulence in disease.

Immune response against
fungal infection

Upon C. albicans infection, the human immune
system mounts a response in an attempt to kill
the invading cells. Macrophages, a type of white
blood cell, migrate through the bloodstream to
the infection site. These immune cells have specific
receptors on their cell surfaces that can recognise
the unique components of the fungal cell wall.
This means that the fungal cell wall structures now

Oral thrush

www.hoddereducation.co.uk/biologicalsciencesreview

Iz

=
S e

o
B

Dectin-2

<

C. albicans
cell

Macrophage Phagocytosis

Figure 2 Recognition and phagocytosis of a C. albicans cell by a human
macrophage cell

act as antigens. For example, the macrophage receptor Dectin-1 recognises
glucans, and Dectin-2 recognises the polysaccharides in the glycoprotein layer
of the fungal cell wall (see Figure 2). The macrophage then engulfs C. albicans
cells by phagocytosis. The fungus is killed and degraded by enzymes inside
the macrophage.

Fungi fight back

Unluckily for macrophages, C. albicans is a shape-shifter. In the presence of
stressors, such as nutrient starvation, the cells can switch from being yeast-
shaped (round or oval) to a filamentous form, by growing hyphae (see Figure 3).
This makes the fungus more difficult for the macrophages to engulf. Yeast-
shaped cells can even start producing hyphae after being phagocytosed by a

Figure 3 Scanning electron micrograph of C. albicans cells, showing both
yeast and hyphal forms
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Figure 4 Structure of a C. albicans biofilm

macrophage. The hyphae elongate and puncture the macrophage cell surface
membrane, causing it to burst, and enabling the C. albicans cells to escape
and evade the host immune system. The ability to form hyphae also helps
C. albicans cells invade host tissues and penetrate deeper into an infection site,
thus enhancing the virulence of the fungus.

Another way in which C. albicans cells grow is in biofilms. A biofilm is a thin
(20-30pm) multi-layered aggregate of cells, encased within a gel-like matrix
made up of substances released from the cells (see Figure 4). Biofilms usually
form on surfaces. C. albicans biofilms can form on implanted medical devices,
such as catheters or prosthetics, on infected burn wounds, and on the cells
lining the airways of cystic fibrosis (CF) patients. CF is a genetic disorder in
which patients produce thick mucus that is difficult to clear, creating a perfect
environment for microbial biofilm formation.

Antifungal drugs

Fungal infections are harder to treat than bacterial infections. This is because
most antibiotics have been isolated or produced as a result of their antibacterial
activities, so they only work against bacteria, which are prokaryotes. Fungi are
eukaryotic, like the cells of their human host. This presents a challenge: an
antifungal drug must kill fungal cells without also affecting host cells.

There are currently only three main classes of antifungal drugs - far fewer
than the number of antibiotics - and some antifungal drugs have toxic side
effects in human cells. One example is amphotericin B (AmB). This antifungal
causes fungal cells to burst by forming pores in their cell surface membrane. The
drug does this by binding to its drug target - ergosterol - which is the fungal
version of cholesterol, present in the cell surface membrane. However, the
structure of ergosterol is similar to that of human cholesterol, meaning that AmB
treatment results in the side effect of killing some host cells.

Like bacteria and antibacterial drugs, fungi can develop resistance to
antifungal drugs. If a varied population of fungal cells is treated with an
antifungal agent, any cells with a genetic mutation making them resistant to
the drug will have a selective advantage. These cells survive the antifungal
treatment, multiply, and produce a population of antifungal-resistant fungi.
There are several ways in which fungal cells may become resistant to antifungals.
1 Over-production of the drug target. A genetic mutation in the fungus
results in more of the drug target being produced. Overproduction of the drug
target enables the fungus to outcompete the drug, making the drug treatment
less effective.

2 Changing the structure of the drug target. A genetic mutation in the
fungus changes the structure of the drug target, so the drug no longer binds,
becoming ineffective.
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3 Increased numbers of efflux pumps. Efflux
pumps are proteins in the cell surface membrane
that pump antifungal drugs out of the fungal cell,
reducing the drug concentration inside the cell. This
is a bit like removing water from a sinking boat. The
genes encoding these pumps get switched on at a
higher level in response to drug treatment.

4 Reduced cell permeability. Some fungi respond
to drug treatment by altering the composition of
the cell wall, making the cells less permeable to the
antifungal drug. For example, increasing the level
of chitin can result in increased antifungal drug
resistance, as it strengthens the wall.

5 Forming biofilms. Cells within biofilms are
much more resistant to antifungal drugs than free-
living cells. This is because the cells are shielded
by extracellular material. Furthermore, cells
deep within a biofilm have reduced metabolism,
meaning that some drug targets are not produced
by these cells. As a result, the drug has nothing to
bind to, so it has no effect.

TERMS EXPLAINED

Antigen Any substance that induces an immune
response.

Glucan Any polysaccharide that is a polymer of
-glucose.

Glycoprotein A protein with polysaccharides attached
to it.

Hyphae Branching, filamentous structures formed by
some species of fungus.

Phagocytosis The process by which a white blood cell
engulfs invading cells.

Sepsis A whole body immune response to blood
infection, leading to multiple organ failure.
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Figure 5 The worldwide distribution of Candida auris infections, as of 31 December 2019

Rise of a fungal superbug

In 2009, a new species of Candida was isolated from
the ear canal of an elderly patient in a Japanese
hospital. As a consequence, it was named Candida
auris, after the Latin for ‘ear’, though it also causes
bloodstream and wound infections. This species has
recently gained media attention as the first fungal
‘superbug’, owing to its resistance to multiple drugs.
Since its discovery, it has been identified in over 30
countries worldwide (see Figure 5).

The vast majority of C. auris infections are hospital-
acquired, mostly affecting vulnerable patients,
such as older people and immunocompromised
individuals. The fungus survives for over 14 days
on the surfaces of medical equipment, enabling
transmission from one person to another if surface
sterilisation is sub-optimal.

Scientists from Johns Hopkins University in
Maryland, USA, have suggested that the emergence
of this fungal ‘superbug’ is linked to the climate
crisis. The laboratory of Professor Arturo Casadevall
tested the temperature sensitivity of C. auris and
compared it with that of its closest fungal relatives.
They hypothesise that environmental fungi (e.g.
fungi that live in soil) have adapted to higher
global temperatures and evolved the ability to
infect and survive in humans, despite the relatively
high internal body temperature of 37°C. Although
many other factors may have contributed to the
emergence of C. auris, this is a worrying thought.

www.hoddereducation.co.uk/biologicalsciencesreview

The future of fungal research

In the field of microbiology, there has been a shift towards studying how
microorganisms work together. This is because the majority of infections are
not caused by just one organism, but by several. This is why microbiologists
are carrying out research into the interactions between fungi, bacteria, viruses
and their hosts. Clinicians are also increasingly screening patients for fungal
infections and not just bacterial infections. Over 1 billion people suffer from
severe fungal diseases worldwide, with over 1.6 million deaths per year.
Coupled with increasing levels of antifungal drug resistance, increasing our
understanding of fungal infections is crucial.

Topics for discussion

= Some fungal species cause infections in animals, with knock-on effects on
ecosystems. Find out what two types of fungi are causing large numbers of bat
deaths in North America, and deaths of amphibians all around the world.

= In what ways could the climate crisis affect the distribution of infectious
diseases around the world?

A comprehensive introduction to fungi: https:/tinyurl.com/yby65w7h
Facts about Candida albicans: https://tinyurl.com/wrh8a42

Up-to-date information about the ‘superbug’, Candida auris:
www.cdc.gov/fungal/candida-auris/index.html

Farhana Alam is a researcher at the University of Birmingham'’s Institute of

Microbiology and Infection. Her research focuses on understanding how
bacteria and fungi interact to affect antimicrobial resistance in biofilms.
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APPENDIX II: DUAL-SPECIES RNA-SEQ SUPPLEMENTARY DATA

I. SEQUENCE QUALITY & MAPPING STATISTICS

Per sample sequence quality

Table S1. Sample sequence statistics.

% bases with

Sample ID Number of reads  Yield (Mbases) Mean quality mean quality
score
score 2 30
CA-O0M-4 95,015,262 29,685 36.02 88.74
CA-0M-6 103,393,241 31,018 35.92 88.15
CA-0M-7 98,083,011 30,893 35.77 87.70
CA-0M-8 94,340,529 29,571 35.78 88.13
CA-5M-4 103,085,837 32,249 36.31 88.95
CA-5M-6 99,012,438 31,197 35.85 87.92
CA-5M-7 97,741,253 30,594 36.10 88.54
CA-5M-8 99,184,509 30,798 36.16 89.31
PA-OM-4 204,624,152 32,146 36.19 88.73
PA-OM-6 211,418,756 33,251 36.12 88.67
PA-OM-7 215,030,556 33,901 36.14 88.50
PA-OM-8 202,626,966 31,842 36.22 88.88
PA-5M-4 198,545,132 31,119 36.10 88.86
PA-5M-6 383,991,496 39,343 35.95 93.97
PA-5M-7 218,100,198 34,136 36.52 89.14
PA-5M-8 195,881,280 30,559 36.06 89.31
PACA-0M-4 314,696,184 32,951 36.28 88.82
PACA-0M-6 299,246,550 31,495 35.88 88.06
PACA-OM-7 301,709,562 31,617 36.00 88.53
PACA-0M-8 327,015,240 34,243 36.36 88.86
PACA-5M-4 533,424,060 35,035 35.92 93.89
PACA-5M-6 288,183,114 30,417 35.53 87.78
PACA-5M-7 677,278,428 50,894 35.95 93.99
PACA-5M-8 338,600,229 35,070 36.68 89.89
Overall 5,700,227,983 794,024 36.08 89.31
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Mapping statistics

Table S2. P. aeruginosa mapping statistics.
Reads mapped to

Percent reads

Sample ID Total reads
reference mapped to reference
PA-OM-4 204,624,152 181,662,871 88.78
PA-OM-6 211,418,756 189,032,498 89.41
PA-OM-7 215,030,556 192,423,776 89.49
PA-OM-8 202,626,966 177,503,206 87.60
PA-5M-4 198,545,132 183,640,716 92.49
PA-5M-6 383,991,496 354,998,011 92.45
PA-5M-7 218,100,198 198,483,628 91.01
PA-5M-8 195,881,280 177,746,365 90.74
PACA-0M-4 209,797,456 191,164,393 91.12
PACA-0M-6 199,497,700 181,692,226 91.07
PACA-0M-7 201,139,708 184,224,976 91.59
PACA-0M-8 218,010,160 197,117,734 90.42
PACA-5M-4 355,616,040 332,921,680 93.62
PACA-5M-6 192,122,076 178,719,617 93.02
PACA-5M-7 451,518,952 424,656,514 94.05
PACA-5M-8 225,733,486 211,794,503 93.83
Table S3. C. albicans mapping statistics.
Total % Total Unique % Unique
Sample ID Total reads mapped mapped mapped mapped
reads reads reads reads
CA-OM-4 95,015,262 93,521,800 98.43 90,606,494 95.36
CA-OM-7 98,083,011 96,462,609 98.35 93,606,789 95.44
CA-OM-8 94,340,529 92,813,044 98.38 89,911,963 95.31
CA-5M-4 103,085,837 100,928,554 97.91 97,704,816 94.78
CA-5M-6 99,012,438 88,928,790 89.82 85,678,624 86.53
CA-5M-7 97,741,253 95,853,432 98.07 92,978,312 95.13
CA-5M-8 99,184,509 97,102,028 97.90 94,179,786 94.95
PACA-0M-4 104,898,728 95,267,617 90.82 92,341,645 88.03
PACA-0M-6 99,748,850 90,745,489 90.97 83,593,750 83.80
PACA-OM-7 100,569,854 91,820,885 91.30 88,788,300 88.29
PACA-0M-8 109,005,080 98,158,378 90.05 95,274,566 87.40
PACA-5M-4 177,808,020 165,982,223 93.35 128,500,024 72.27
PACA-5M-6 96,061,038 89,269,758 92.93 84,603,602 88.07
PACA-5M-7 225,759,476 211,934,786 93.88 164,131,918 72.70
PACA-5M-8 112,866,743 105,437,045 93.42 74,553,254 66.05
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Il. P. AERUGINOSA SIGNIFICANT DEGs: COMPARISON BETWEEN SINGLE- AND

DUAL-SPECIES RESPONSES TO MEROPENEM

Table S4. P. aeruginosa genes significantly upregulated in response to
meropenem.

Gene list
arnF, cbrB, ccoO2, ccoP2, ccoQ2, cheY, chpA, clpA, cynS, fimV, gcd, gdhB, gimM,
himA, hisF2, hisH2, icmP, kynA, IolA, lysC, metK, mucD, murF, nth, oprF, oprH, oprL,
oprM, phuT, pilN, pilO, pilP, pilQ, pilR, pqqD, prrF1, prrF2, psiA, psIC, psiM, pta, rimK,
rmiC, rpIB, rplE, rpld, rpIN, rplP, rplV, rplW, rplX, romC, rpsC, rpsQ, rpsS, sdaA, sdhB,
sucA, sucC, sucD, surA, tatA, tatB, tolA, tolB, tolQ, tolR, tufA, tufB, ubiB, ubiG, wapR,
173 genes wbpD, wbpE, wbpG, wbpH, wbpl, wbpJ, wbpK, wbpL, wzx, wzy, PA0045, PA0097,
_g PA0098, PA0134, PA0401, PA0433, PA0483, PA0880, PA0881, PA0919, PA0935,
unlquely PA0943, PA1061, PA1065, PA1209, PA1210, PA1333, PA1402, PA1509, PA1527,
upregu|ated in | PA1592, PA1600, PA1643, PA1810, PA1907, PA1945, PA2035, PA2145, PA2198,
single-species PA2228, PA2289, PA2362, PA2363, PA2441, PA2460, PA2560, PA2618, PA2631,
g p PA2667, PA2696, PA2827, PA2984, PA2990, PA3024, PA3074, PA3075, PA3076,
PA3077, PA3087, PA3157, PA3172, PA3187, PA3188, PA3205, PA3272, PA3291,
PA3368, PA3400, PA3493, PA3494, PA3559, PA3758, PA3759, PA3835, PA3986,
PA3995, PA4272.1, PA4282, PA4368, PA4384, PA4394, PA4401, PA4406.1, PA4420,
PA4453, PA4492, PA4571, PA4689, PA4706, PA4735, PA4830, PA4832, PA4834,
PA5001, PA5061, PA5087, PA5089, PA5104, PA5257, PA5285, PA5487
ampC, ansA, clpV1, creD, cynR, ddIB, estA, fiuA, foxl, fptA, ftsA, ftsQ, ftsW, ftsZ, gcvT2,
groEL, hcp1, icmF1, lasR, mliC, mraY, mscL, murC, murD, murE, murG, oprl, pchA,
pchB, pchC, pchE, pchF, pchG, phaF, phzS, ppkA, pppA, psIB, psiD, pslE, psiF, ptxR,
relA, vgrG1, vgsM, PA0041, PA0042, PA0046, PA0050, PA0070, PA0071, PA0072,
PA0073, PA0076, PA0078, PA0079, PA0080, PA0082, PA0083, PA0084, PA0086,
PA0087, PA0088, PA0089, PA0095, PA0096, PA0124, PA0126, PA0262, PA0277,
181 genes PA0329, PA0360, PA0466, PA0467, PA0468, PA0469, PA0537, PA0563, PA0668.4,
commonly PAQ0735, PA0736, PA0853, PA0968, PA1068, PA1069, PA1451, PA1508, PA1510,
upregulated in PA1511, PA1573, PA1579, PA1612, PA1828, PA1844, PA1845, PA2116, PA2117,
. PA2137, PA2205, PA2222, PA2223, PA2224, PA2225, PA2226, PA2251, PA2323,
both single- | pacs64 pA2525 PA2526, PA2527, PA2530, PA2535, PA2536, PA2537, PA2538,
and dual- PA2539, PA2540, PA2541, PA2559a, PA2581, PA2684, PA2685, PA2702, PA2703,
species PA2725, PA2726, PA2729, PA2746a, PA3021, PA3078, PA3190, PA3212, PA3213,
PA3284, PA3290, PA3292, PA3293, PA3317, PA3318, PA3484, PA3485, PA3716,
PA3727, PA3728, PA3729, PA3796, PA3819, PA3850, PA3940, PA4111, PA4218,
PA4219, PA4220, PA4222, PA4223, PA4280.2, PA4308, PA4322, PA4375, PA4377,
PA4399, PA4400, PA4487, PA4488, PA4489, PA4490, PA4491, PA4513, PA4514,
PA4517, PA4518, PA4690.2, PA4691, PA4736, PA4737, PA5033, PA5113, PA5114,
PA5178, PA5182, PA5369.2
aguA, algR, arnD, arnE, bkdR, capB, chpC, cobP, cobU, dapB, ddlA, dnaJ, fpvR, galU,
himD, hupB, mdcC, mdcD, mexC, minE, moeA2, ospR, pagL, pqqF, psIH, psll, recD,
rpsN, rsmY, selB, ssrA, PA0047, PA0064, PA0093, PA0209, PA0332, PA0333, PA0398,
PA0435, PA0479, PA0490, PA0507, PA0536, PA0545, PA0547, PA0668.1, PA0749,
123 genes PA0840, PA1048, PA1171, PA1200, PA1274, PA1280, PA1450, PA1648, PA1746,
uniquely PA1749, PA1751, PA1753, PA1772, PA1804.1, PA1809, PA1833, PA1872, PA1885,
. PA1890, PA1969, PA1995, PA1997, PA2024, PA2229, PA2267, PA2271, PA2298,
upregulated in | pa2410 pA2455 PA2469, PA2490, PA2491, PA2503, PA2550, PA2710, PA2737,
dual-species PA2747, PA2756, PA2760, PA2774, PA2826, PA2844, PA3022, PA3056, PA3214,
PA3256, PA3277, PA3314, PA3426, PA3730, PA3852, PA3908, PA4280.5, PA4319,
PA4320, PA4332, PA4357, PA4373, PA4452, PA4486, PA4521, PA4575, PA4690.5,
PA4714, PA4716, PA4717, PA4782, PA4833, PA4936, PA5079, PA5211, PA5258,
PA5303, PA5369.5, PA5441, PA5481
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Table S5. P. aeruginosa genes significantly downregulated in response to

meropenem.

Gene list

227 genes
uniquely
downregulated
in single-
species

adhC, aph, apt, argC, argS, aroC, betT1, ccmB, coaC, comL, crfX, cupC3, cyaB, cyoB,
desT, dinB, dsbB, fabF2, ffh, fliC, fliD, folA, folK, gabP, gInD, gipF, glyQ, greB, hemE,
iSCR, kdpF, ksgA, ladS, lepA, lysP, mgtE, moaB1, modB, mreB, mreD, msuE, mucR,
nadA, nalC, norB, nosR, nosY, ohr, opdE, panB, pcnB, pdxB, phnW, plsB, poxA, prfC,
prs, psrA, purB, purM, pyrD, pyrF, recN, recQ, rhl, ribA, rimM, rluD, rnpA, rpe, spdH,
thiD, thiG, thil, thiL, thyA, xerD, xseA, xseB, PA0172, PA0307, PA0311, PA0322,
PA0335, PA0356, PA0380, PA0506, PA0602, PA0658, PA0664, PA0711, PA0734,
PA0751, PA0752, PA0753, PA0757, PA0806, PA0823, PA0859, PA0906, PA0910,
PA0911, PA0922, PA0926, PA0947, PA0957, PA1006, PA1031, PA1112a, PA1132,
PA1142, PA1166, PA1170, PA1192, PA1241, PA1297, PA1298, PA1305, PA1363,
PA1364, PA1365, PA1374, PA1397, PA1420, PA1428, PA1473, PA1504, PA1506,
PA1567, PA1653, PA1678, PA1679, PA1750, PA1764, PA1796.2, PA1866a, PA1964,
PA1966, PA1993, PA2376, PA2744.1, PA2762, PA2788, PA2795, PA2819.2,
PA2819.3, PA2840, PA2867, PA2902, PA3019, PA3027, PA3079, PA3219, PA3242,
PA3263, PA3341, PA3350, PA3352, PA3354, PA3355, PA3360, PA3367, PA3388,
PA3389, PA3435, PA3472, PA3474, PA3510, PA3538, PA3580, PA3588, PA3606,
PA3664, PA3665, PA3675, PA3678, PA3680, PA3685, PA3690, PA3717, PA3722,
PA3726, PA3780, PA3781, PA3817, PA3828, PA3847, PA3866, PA3921, PA3955,
PA3958, PA3960, PA4025, PA4046, PA4142, PA4292, PA4325, PA4404, PA4438,
PA4507, PA4574, PA4627, PA4631, PA4636, PA4637, PA4724, PA4724.1, PA4746,
PA4780, PA4789, PA4804, PA4852, PA4863, PA4928, PA4940, PA4986, PA4993,
PA4998, PA5130, PA5244, PA5298, PA5324, PA5335, PA5357, PA5438, PA5442,
PA5462

282 genes
commonly
downregulated
in both single-
and dual-
species

accA, amil, argF, armR, aspA, ccmA, cyoA, dapE, dnaE, exaB, fadH1, ffs, fleR, fleS,
fliE, fliF, folD, gbuA, gbuR, gcp, gfnR, gidA, glpM, guaB, kdsA, lecA, IpxB, modA, mreC,
mutS, ndvB, pcm, pcpS, pctA, pctB, plpD, plsX, potA, potB, potC, potD, prtN, prtR, ptrB,
pyrG, pys2, queA, rep, rho, riml, rmhB, rtcA, speD, surE, thrH, trkH, trpE, trpG, tyrS, vrel,
ygbP, PA0013, PA0142, PA0313, PA0352, PA0358, PA0385 PA0508, PA0532,
PA0573, PA0574, PA0574.1, PA0578, PA0585, PA0605, PA0606, PA0608, PA0613,
PA0614, PA0615, PA0616, PA0617, PA0618, PA0619, PA0620, PA0621, PA0622,
PA0623, PA0624, PA0625, PA0626, PA0627, PA0628, PA0629, PA0630, PA0631,
PA0633, PA0634, PA0635, PA0636, PA0637, PA0638, PA0639, PA0640, PA0641,
PA0643, PA0644, PA0645, PA0646, PA0647, PA0648, PA0663, PA0666, PA0669,
PA0670, PA0671, PA0712, PA0714, PA0775, PA0776, PA0824, PA0825, PA0908,
PA0909, PA0914, PA0915, PA0916, PA0924, PA0951a, PA0975, PA1007, PA1016,
PA1026, PA1037, PA1045, PA1116, PA1117, PA1134, PA1168, PA1169, PA1263,
PA1299, PA1361, PA1367, PA1416, PA1417, PA1418, PA1419, PA1425, PA1435,
PA1468, PA1474, PA1531, PA1535, PA1536, PA1537, PA1538, PA1539, PA1563,
PA1569, PA1608, PA1763, PA1790, PA1824, PA1835, PA1839, PA2282, PA2283,
PA2284, PA2285, PA2351, PA2558, PA2563, PA2580, PA2652, PA2653, PA2654,
PA2763, PA2766, PA2767, PA2768, PA2769, PA2770, PA2817, PA2860, PA2868,
PA2900, PA2901, PA2916, PA2917, PA2954, PA2955, PA2956, PA2957, PA3080,
PA3093, PA3094, PA3109, PA3140, PA3179, PA3180, PA3258, PA3262.1, PA3264,
PA3265, PA3308, PA3340, PA3343, PA3359, PA3368.1, PA3413, PA3414, PA3415,
PA3416, PA3473, PA3526, PA3532, PA3616, PA3626, PA3628, PA3631, PA3632,
PA3634, PA3638, PA3641, PA3667, PA3669, PA3670, PA3671, PA3672, PA3681,
PA3682, PA3683, PA3714, PA3718, PA3720, PA3741, PA3749, PA3818, PA3824.1,
PA3825, PA3826, PA3920, PA3979, PA3980, PA4045, PA4118, PA4126, PA4139,
PA4140, PA4326, PA4436, PA4437, PA4503, PA4504, PA4505, PA4506, PA4520,
PA4582, PA4583, PA4584, PA4586, PA4629, PA4633, PA4634, PA4677, PA4816,
PA4994, PA4995, PA5072, PA5139, PA5181.1, PA5238, PA5328, PA5458, PA5460,
PA5466, PA5468, PA5469, PA5470, PA5471, PA5503

34 genes
uniquely
downregulated
in dual-
species

exaA, mexE, mexF, trpD, PA0572, PA0603, PA0604, PA0657, PA0709, PA0860,
PA0876, PA0952, PA1051, PA1300, PA1542, PA1762, PA2286, PA2353, PA2669,
PA2761, PA2782, PA2870, PA3959, PA4038, PA4141, PA4279, PA4354, PA4467,
PA4817, PA4962, PA5137, PA5348, PA5430, PA5477
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UNTREATED BIOFILMS

Biological Process

C. ALBICANS SIGNIFICANT DEGsS: RESPONSE TO P. AERUGINOSA IN

Table S6. Assignment of the 431 significantly upregulated C. albicans genes to
40 GO Slim terms under the Biological Process category.

GOID GO term Frequency Gene list
42710 biofilm formation | 9 out of 431 | STE2 QDR3 CSA2 GCN4 UGA33 SUC1 HGC1 PGA7 SAP6
genes, 2.1%
8150 biological_process | 164 outof431 | GTT13  C1_01220C_A C1_11320C_A CR_08420W_A  RSN1
genes, 38.1% | C2_08440W_A C6_02450W_A C4_05900C_A C4_03950C_A
C1_05890W_A C3_07370W_A C3_02900W_A C6_02620C_A
C3 .05290C_A C2_01140C_A GBU1 C6_00730W_A C4 01970W_A
C3_00050C_A C1_01840C_A C2 05990C_A C1_00020C_A MOH1
C4_02930W_A C5_03870C_A C3_05750C_A C3.03700C_A
C1_02270C_A OP4 CR_09350C_A C1_03120W_A C1_11570W_A
CR_06260W_A C7_03280C_A CR_02480W_A C1_09310C_A
C2 _08510W_A  MED3  C6_01490C_A C3.04720C_A  PEX22
C4_00080C_A C4_04400C_A CR_04220C_A C4_06670W_A
C7_00260C_A C7_02920W_A CS099 C2 08330W_A C3 _04650W_A
C6_03150C_A C1_01140C_A BLP1 C6_01620W_A C1_00580W_A BUL1
CR_07740W_A CR_08830W_A C4_02690W_A CR_09610C_A
C1_13430C_A C1_01630W_A C7_03310W_A PGA17 C1_14180W_A
C5_03890C_A C4_05120C_A  ATOf1 CR_10310W_A BIO32
C4_04380C_A POX18 C2_08260W_A C3_02990C_A C5 03340W_A
C5_00390C_A C1_00030C_A C7_00770W_A CIRT4B C7_02140W_A
C1_05440C_A C3_07070C_A C3 .01420C_A C6_02020C_A
C1_12880C_A PEX17 ATO9 BMT9 GST1 C6_00080C_A C1_05690C_A
C3 02090C_A C3_.03370C_A GTT1 C1_13090W_A C3_07720C_A
C2_10870W_A CR_04860C_A C4_01350W_A C2_04400W_A
C2_06060C_A C3 _05060W_A C3 02660W_A TES1 C5 04980W_A
C1_13100W_A CR_05770W_A CR_06020W_A C2_08890W_A
C2_08690C_A C6_03280W_A C4_03960W_A C1_09770W_A
C7_03820C_A C1_13180W_A IFK2 C2_02390W_A SMI1B C3_01060W_A
C2_09800C_A C1 09340C_A CR_02060W_A CR _04850C_A PSO2
C3 04840C_A CR _01440C_A C4_00640W_A C4_07020C_A UBC15
C1_06870C_A C1_09300C_A C3_06040W_A C4_06940C_A
C1_12070C_A C4_01340W_A C2_06630C_A C1_11260C_A
CR_05540C_A C5_05180W_A C6_03530C_A C5_03710C_A
C1_12060C_A C1_14020W_A C1_00190C_A C6_03670C_A AGA1
C6_01940W_A CR_07700W_A CR_06270W_A C4_03710C_A
C1_01610C_A PGA46 C3_01270W_A C1_10060C_A C2_04830W_A
TES15 C3 04330C_A C3 02630C_A PGA25 CR_10320W_A MRV2
CR_06770C_A C7_03580C_A C3 _04190W_A
5975 carbohydrate 10 out of 431 | HXK1 C1_14190C_A MDH1-3 SCW4 SUC1 FOX2 MNN41 C5_05360C_A
metabolic process | genes, 2.3% INO1 PYC2
7155 cell adhesion 2 out of 431 | STE2 HIS4
genes, 0.5%
7114 cell budding 1 out of 431 | C3_00400C_A
genes, 0.2%
7049 cell cycle 15 out of 431 | FAR1T C4_00030C_A C1_14190C_A C7_01830W_A RAD6 UGT51C1
genes, 3.5% QDR3 MSO1 PPH3 CAP1 SET1 HGC1 RAD52 CR_04820W_A PSF1
48468 cell development | 6 out of 431 | UGT51C1 QDR3 CAG1 MSO1 SET1 CR_04820W_A
genes, 1.4%
71555 cell wall 2 out of 431 | RBR2 QDR3
organization genes, 0.5%
19725 cellular 15 out of 431 | HGT4 HXK1 C1_14190C_A C3 _03760W_A OPT3 CRD2 CSA2
homeostasis genes, 3.5% C2_00600C_A AMO1 CCC1 FRP1 HMX1 GPR1 C4_00500W_A
C2_00350W_A
6464 cellular protein 20 out of 431 | NPR1 C1_03270W_A C1_05370C_A RADG6 C1_00860W_A
modification genes, 4.6% C1_12120W_ “A SAS3 PPH3 MNN41 SET1 CR_03220C_A C1 03330C_A
process APG7 C2_06780C_A ATG1 CEK2 C4_02570C_A C4_00500W_A
C2_00350W_A PRR2
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45333 | cellular respiration | 4 out of 431 | AOX2 MDH1-3 CTN1 C1_09440W_A
genes, 0.9%
746 conjugation 4 out of 431 | STE2 CAG1 C7_03860W_A CEK2
genes, 0.9%
910 cytokinesis 0 out of 431 | none
genes, 0%
7010 cytoskeleton 1 out of 431 | C2_06780C_A
organization genes, 0.2%
6259 DNA metabolic 12 out of 431 | TERT C4_00030C_A RAD6 C2 08950W_A PPH3 SET1 RAD52
process genes, 2.8% C2_08420W_A PSF1 CCE1 C2_00350W _A ELC1
30447 filamentous 33 out of 431 | HGT4 C6_03240W_A HXK1 WOR2 C1_14190C_A RAD6 YHB1
growth genes, 7.7% CR_03260W_A CAT8 GCN4 GLT1 STB5 CHA1 DAC1 BUD20 SSU1
FGR15 ECI1 GDH3 SET1 FGR12 HGC1 FGR28 CCC1 ZCF2 RAD52
C1_03870C_A MEP2 C5_05510C_A CEK2 GPR1 CTN3 SSY1
6091 generation of 9 out of 431 | HGT4 AOX2 HXK1 C1_14190C_A MDH1-3 CTN1 HPD1 C1_09440W_A
precursor genes, 2.1% C3 _02850C_A
metabolites and
energy
70783 growth of 6 out of 431 | WOR2 CAT8 GLT1 GDH3 MEP2 GPR1
unicellular genes, 1.4%
organism as a
thread of attached
cells
30448 hyphal growth 1 out of 431 | HXK1
genes, 0.2%
44419 interspecies 18 out of 431 | APS3 DUR1,2 HGT4 HXK1 YHB1 HIS4 GAT1 DAC1 FOX2 CAP1 SET1
interaction genes, 4.2% HGC1 RAD52 PGA7 SAP6 PLB1 GPR1 SAP4
between
organisms
6629 lipid metabolic 23 out of 431 | C6_03240W_A C2 _01920C_A PXP2 C3_03760W_A UGT51C1 POT1
process genes, 5.3% POX1-3 LCB4 POX1 C3_00400C_A MDH1-3 INO4 FOX2 PEX5 ECI1
CR_02570C_A ANT1 PEX6 C5_05360C_A INO1 FAA21 PLB1
C3 02850C_A
6997 nucleus 1 out of 431 | CAG1
organization genes, 0.2%
6996 organelle 29 out of 431 | TERT C4_00030C_A C7_01830W_A C4_07210W_A RAD6 CAG1 OPT3
organization genes, 6.7% CR_02910W_A C1_00860W_A SAS3 PEX5 SET1 ANT1 CR_03220C_A
C1_12150C_A C7_03860W_A C1_03330C_A PEX6 HSP78 YPT53 ATG9
RAD52 APG7 SFT1 C2_06780C_A ATG1 CCE1 C4_02570C_A AUT7
other other 59 out of 431 | C6_03600C_A EHD3 MET2 CR_07250C_A ATO5 ARG3 C2_00390C_A
genes, 13.7% | BAT21 ARO3 ARG4 CR_07170W_A STF2 LYS4 HIS7 CR_03690W_A
TRP4 C3_05360C_A ATF1 CDG1 FAA2-3 SOD6 C2_07250C_A HIS3
CPA1 C1_02970W_A UGA1 HOM3 C7_02010C_A FRP2 C1_01620C_A
C4_03340C_A C1_05160C_A C4_02230C_A FOX3 UGA11
C3 02060W_A C3 04350C_A C4_02170C_A C2_09070C_A CYB2
CR_04230W_A CPA2 ALD6 MET13 CR_00380W_A LYS22
CR_04870C_A IFR1 C5_00230C_A ARO8 GOR1 C4_00290C_A LEU42
ARG1 DLD2 ECM42 IFG3 CR_06980W_A ARG8
9405 pathogenesis 14 out of 431 | APS3 DUR1,2 HGT4 HXK1 YHB1 GAT1 DAC1 FOX2 SET1 RAD52 PGA7
genes, 3.2% SAP6 PLB1 SAP4
30163 protein catabolic | 8 out of 431 | RAD6 PRB1 UBC8 C7_03860W_A SAP6 C4_00500W_A SAP4 ELC1
process genes, 1.9%
6457 protein folding 3 out of 431 | HSP78 OSM2 C1_02380C_A
genes, 0.7%
7124 pseudohyphal 2 out of 431 | MEP2 GPR1
growth genes, 0.5%
50789 regulation of 62 out of 431 | NPR1 WOR4 HGT4 C3_02920W_A DRE2 HXK1 FAR1 WOR2
biological process | genes, 14.4% | C4_00030C_A C1_14190C_A C4_07210W_A RAD6 STE18
C6_03290W_A STE2 CAG1 CAT8 OPT3 HAP2 LYS142 LCB4 GCN4
C2_08950W_A UBC8 UGA33 CR_02910W_A STB5 GAT1 ARF1 SUC1
INO4 ECM21 FGR15 SAS3 PPH3 CAP1 SNO1 C1_10140C_A SET1
MET28 ZCF32 YPT53 HGC1 SEF2 ZCF25 ZCF2 ZCF20 RAD52 ARG5,6
SAP6 MEP2 C2_09870W_A ZCF4 SUA72 C6_03320W_A GPR1
C4_02570C_A AUT7 INO2 C1_02380C_A SAP4 SSY1
42221 response to 49 out of 431 | HGT4 C2_05060C_A C2_01920C_A FAR1 C3_03470W_A C1_14190C_A

chemical

genes, 11.4%

RAD6 YHB1 STE18 C1_01750W A STE2 QDR3 CAG1 CAT8 CIP1
C6_01520W A HAP2 GCN4 C2_07070W_A ROA1 ALT1 STB5 GAT1
ARF1 DACT HIS5 TPO4 PPH3 CAP1 AMO2 C1_03330C_A HGC1 SEF2
ZCF2 ZCF20 RAD52 C1_00830W A CDR11 C6_01870C_A
C2_06780C_A HMX1 C6_03320W_A GPR1 AUT7 C4_00500W_A PRR2
C3_02850C_A SSY1 C7 01170C_A
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42493 response todrug | 11 out of 431 | C1_14190C_A CAG1 ROA1 ALT1 PPH3 CAP1 AMO2 RAD52
genes, 2.6% C1_00830W_A PRR2 C7_01170C_A
6950 response to stress | 48 out of 431 | HGT4 C2_05060C_A RBR2 C1_06860W_A C1_03270W_A
genes, 11.1% | C3_03470W_A C4_00030C_A RAD6 YHB1 GPX2 C1_12840W_A CIP1
GCN4 C2_08950W_A C2_07070W_A STB5 GAT1 ARF1 DAC1 BUD20
SSU1 MEP1 FGR15 PPH3 CAP1 SET1 FGR12 C7_03860W_A
C1_03330C_A HSP78 FGR28 ZCF20 RAD52 C1_03870C_A
C2_08420W_A MEP2 C2_09870W_A PSF1 FRP1 C5_ 05510C A CEK2
HMX1 C6_03320W_A GPR1 AUT7 C4_00500W_A C2_00350W_A ELC1
42254 ribosome 0 out of 431 | none
biogenesis genes, 0%
16070 RNA metabolic 11 out of 431 | C6_02790C_A RAD6 C1_08140W_A CAT8 C2_02300W_A STB5 SUC1
process genes, 2.6% C3_02750W_A ZCF25 NBP35 SUA72
7165 signal 15 out of 431 | HGT4 FAR1 STE18 STE2 CAG1LCB4 ARF1 PPH3 C1_10140C_A YPT53
transduction genes, 3.5% MEP2 C6_03320W_A GPR1 AUT7 C1_02380C_A
6412 translation 0 out of 431 | none
genes, 0%
6810 transport 77 out of 431 | NPR1 APS3 HGT4 SFT2 FTH1 TNA1 HXK1 ITR1 C3_03690W_A
genes, 17.9% | C6_03540W_A DUR3 YHB5 CR_06790C_A YHB1 C7_01510W_A
C1_01750W_A QDR3 CAG1 C2_07580W_A OPT3 C6_01520W_A CSA2
MSO1 GNP3 GPT1 CR_02910W_A ROA1 C1_00860W_A OPT4 UGA4
ARF1AAP1 OPT8 C4_00680W_A SSU1 MEP1 ECM21 TPO4 GAP2 PEX5
C3 07430W_A GIT2 ARR3 C5_03080C_A PTR2 ANT1 CR_03220C_A
C4_06910W_A C1_03330C_A PEX6 YPT53 C3_05900W_A cCcCC1
C4_04250W_A ATG9 FRP3 PXA1 C1_00830W_A CDR11 C6_01870C_A
YHB4 C1_03870C_A CAN3 APG7 SFT1 MEP2 FRP1 ATM1 FCY23 ATG1
C1_06980C_A C2_02230C_A PXA2 AUT7 FTR2 C1_02380C_A SSY1
32196 transposition 0 out of 431 | none
genes, 0%
16192 vesicle-mediated | 7 out of 431 | APS3 SFT2 FTH1 MSO1 ECM21 SFT1 AUT7
transport genes, 1.6%
6766 vitamin metabolic | 4 out of 431 | C4_02040W_A SNO1 ISA2 SNZ1
process genes, 0.9%

Table S7. Assignment of the 739 significantly downregulated C. albicans genes
to 40 GO Slim terms under the Biological Process category.

GOID GO term Frequency Gene list
42710 | biofilm formation | 28 out of 739 | C1_00160C_A C7_00490C_A CR_01410C_A HWP1 TEC1 AQY1 HWP2
genes, 3.8% | WH11 YWP1 MFA1 NRG1 PGA26 BGL2 C2_07290W_A ADH1 NDT80
PBR1 ALS2 HYR1 SUR7 ALS3 PMT2 RHR2 PMT1 ZCF31 PMT4 IFD6
CSH1
8150 | biological_process | 128 outof 739 | C3_04210W_A C1_06620C_A C4_05730W_A C3_00360W_A RPS25B

genes, 17.3%

C1_02730W A CR _05210W_A  PGA53 YBN5 C3_00230C_A
C1_12000C A  C2 04370W A  C1_10500W A  C5 01110W_A
C6_01600W A C3 01970C_A  C5 03040W A LDG3 RPS42
C2 07010W A  C1.07790C_ A  C2 05300C_A  CR_06500C_A
C7_01940C A  C2 05960C_A  C4_06320C_A  C1_11720W A
C3_06830C_A CR 10200W A C6 _00680C_A RPS4A  MRV3
C7_02280W A ECM331 C4_01800W_A SRP40 C1_07990C_A
C2 01740C A ASR3 PGA58 C5 04480C_A  C6_03110C_A
C2 00130W A  C2 04080W A  CR 09510C_ A  C7_02260W A
C4 01030W A C1_10850W A PGA12 PGA30 C6_00450C_A

C7_01950W A C1_09810W_A C4 01180W A C1_13820C A RHD2
PGA34 C5 00510W A C3_07690C_A C3 07900C_ A C4_07160W A
RPL24A C1_10170W_A C1_04270C_A C7_01010W_A CR_09330C_A
C1_11930W A C5_01090C_A PGA54 CR_06570C_A C2_10130W_A
C1_09500W A CR_10750C_A C7_03270W_A C3 01540W A RPL82
ASR2 C1_03580W_A CR 09940W A C6_02370C_A C6_02490C_A
PRN4 C5 01550C_ A PGA18 ~ CR_09060W A  C2_01960C_A
CR_09070C_A  C5 03440W A  C1_01510W A  C1_09330W A
C1_03510C_ A C1_12180C_A  C1_08520C_A SLP2 C7_01380W A
RPL18 CR_00530W A C2 04000C_A C3 01640C_A ASR1 PGA6
C3 06880W A ROD1 C1_11050W A  USO6 CR_01640C_A
C2 03020C A  C3_05450C_A  C5 03630C_A  C2_00890W A
C5 03410C_A C1_11990W_A C5 03000C_A FRP5 C1_11200W A
PGA11 C2_10010C_A C6_02080W_A C2_00670C_A C7_02210W A
C1_13150W A PGA38 CR_02340W_A C3_00990C A C1_12300W A
C3_07980C_A C1_10050W A C5_00600C_A
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5975 carbohydrate 43 out of 739 | TPI1 GND1 CRH11 PFK1 CDA2 KRE5 GPD2 PGK1 GSL2 DAK2 EXG2
metabolic process | genes, 5.8% C4_02620C_A PGI1 BGL2 CHT3 FBA1 PHR2 TDH3 GUT2 PFK2 SOU1
TAL1 C1_00810W_A KAR2 GPM1 GCY1 C3_01570W_A C4 _01220C_A
ENO1 HXK2 BMT4 PMIi1 C5_04940W_A HAL21 CHT2 RHR2 GRE3 KRE1
CDC19 LEU2 SCH9 C6 02420W A SCW11
7155 cell adhesion 19 out of 739 | C5_02110W_A HWP1 TEC1 INT1 ALS4 NRG1 SFL2 TDH3 PBR1 ALS2
genes, 2.6% AAH1 ALS3 MSB1 RHR2 PMT1 ASC1 CSH1 (C4_02260C_A
C6 _02420W A
7114 cell budding 4 out of 739 | INT1 VRP1 CLN3 C4_07150W_A
genes, 0.5%
7049 cell cycle 48 out of 739 | C6_02280W_A C7_03850W_A BFR1 CR_09140C_A GLC7 ARC40 CDA2
genes, 6.5% C1_03470C_A AQY1 SPO22 PFY1 INT1 SPR28 CYP1 POL30 RECS8
TUB2 C1_11860W_A C4_02820W_A CR_02770C_A SAM2 VRP1
Cc4_ 0523OC A YOX1 TUB1 CHT3 AMN1 HHF22 NDT80 MIH1 SEC14
SUR7 COF1 MSS4 CLN3 MCD1 KAR4 ZPR1 C1_03790C_A GCN1
C1_06760C_A HHT2 CDC5 EXO1 C2_05270W_A C4_07150W_A ACT1
DLH1
48468 cell development | 13 out of 739 | GLC7 CDA2 C1_03470C_A AQY1 CYP1 NRG1 PGI1 SEC14 SUR7 MSS4
genes, 1.8% C1_10620W A SCH9 ACT1
71555 cell wall 24 out of 739 | MSB2 CRH11 HWP1 ENG1 WSC2 CDA2 KRE5 C1_03470C_A TSA1B
organization genes, 3.2% SOD1 SSR1 PGA26 PGA13 BGL2 PHR2 SUR7 PGA59 PMT2 PMI1
PGA31 PGA62 PMT1 PMT4 ACT1
19725 cellular 13 out of 739 | CFL2 GLC7 PFK1 C2_09590C_A TSA1B SOD1 PFK2 FET34 PMA1 ALS3
homeostasis genes, 1.8% HXK2 POR1 C4 07150W A
6464 cellular protein 49 out of 739 | PNG2 DPM2 C4_00940W_A C1_09040C_A RMS1 SMP3 C7_00490C_A
modification genes, 6.6% BFR1 C1_02440C_A GLC7 VRG4 KRE5 C1_03470C_A C4_05250W_A
process CYP1 CWH8 MNN12 C5_03640W_A PTP1 ANB1 C2_03830W_A NOP1
CR_02770C_A UBI3 DPM1 HHF22 C2_07290W_A MIH1 PTP2 HAT1
PDI1 C5_02400W_A C1_00810W_A PMT2 SRB1 PMI1 STT3 NAT4
C5_05020C_A CDC5 PTP3 HMT1 PMT1 PMT4 GDA1 C1_14160W_A
SCH9 ACT1 OST1
45333 cellular respiration | 11 out of 739 | GDS1 C6_03200W_A LSC2 C5 03530C_A FUM11 IDH2 MRF1 IDH1
genes, 1.5% MRPS9 PET9 MAM33
746 conjugation 6 out of 739 | ENG1 PFY1 MFA1 KAR4 KAR2 ASC1
genes, 0.8%
910 cytokinesis 10 out of 739 | GLC7 ARC40 PFY1INT1 VRP1 CHT3 COF1 CDC5 C4_07150W_A ACT1
genes, 1.4%
7010 cytoskeleton 22 out of 739 | PCL1 C4_02720C_A TEF2 TEF1 CR_02690W_A GLC7 ARC40 PFY1
organization genes, 3% INT1 TUB2 SDA1 VRP1 TUB1 CHC1 C2_07290W_A SEC14 SUR7 COF1
MSS4 NCE102 CDC5 ACT1
6259 DNA metabolic 23 out of 739 | C7_03850W_A HTA2 CR_09140C_A C6_03380W_A GLC7
process genes, 3.1% CR_04120C_A RPC40 C4_01660W_A PRI2 C3_04810C_A POL30 RECS8
C4 _02820W_A C4_03230C_A DDR48 HAT1 HTB1 MCD1 HHT2 CDC5
EXO1ACT1 DLH1
30447 filamentous 74 out of 739 | PCL1 MSB2 RPL16A TPI1 SSB1 ERG5 C1_10880W_A HGT12 GAP1
growth genes, 10.0% | ERG13 TEC1 VRG4 DRG1 RBR1 ERG1 ARC40 KRE5 MTS1 HWP2
TSA1B INT1 CSI2 RFG1 ALS4 PES1 GZF3 SOD1 CHO1 ERG24 NRG1
FCY2 PTP1 DIP2 NOP5 PGA26 ENP1 YTM1 PGA13 RPL6 PGI1 VRP1
SFL2 PHR2 RNR1 DDR48 C2_07290W_A SSN6 NDT80 ALS2 SUR7
FET34 ALS3 PGA59 MSS4 CLN3 PMT2 FGR2 FGR41 ENO1 PMI1 ERG3
CHT2 CDC5 PMT1 ZCF3 NOC2 CDC19 IMH3 ASC1 PMT4 GDA1
C1_11120C_A SCH9 ACT1
6091 generation of 27 out of 739 | TPI1 TKL1 GND1 GDS1 C6_03200W_A LSC2 PFK1 ATP2 C5_03530C_A
precursor genes, 3.7% PGK1 PDC11 PGI1 FBA1 TDH3 FUM11 PFK2 TAL1 GPM1 IDH2 ENO1
metabolites and HXK2 MRF1 IDH1 CDC19 MRPS9 PET9 MAM33
energy
70783 growth of 6 out of 739 | TEC1 PTP1 SFL2 MSS4 ZCF3 ASC1
unicellular genes, 0.8%
organism as a
thread of attached
cells
30448 hyphal growth 10 out of 739 | VRG4 ALS4 PGI1 NDT80 ALS2 CLN3 PMT2 PMI1 PMT4 ACT1
genes, 1.4%
44419 interspecies 52 out of 739 | YCP4 TPI1 MET6 SSB1 TEF1 HWP1 TEC1 MTS1 HWP2 INT1 RFG1
interaction genes, 7.0% WH11 ALS4 PES1 PGK1 YWP1 SOD1 ERG24 NRG1 PGA26 SOD5 BGL2
between PST2 SFL2 FBA1 PHR2 TDH3 ADH1 SSN6 NDT80 ALS2 HYR1 RBE1
organisms FET34 ALS3 GPM1 MSB1 ENO1 PST3 MSI3 NCE102 ERG3 RHR2 PMT1
CDC19 IMH3 ASC1 PMT4 LEU2 CSH1 SCH9 PHM7
6629 lipid metabolic 37 out of 739 | ERG28 DPM2 FEN12 ERG6 SMP3 ERG12 ERG5 ERG25 ERG10 ERG13

process

genes, 5.0%

ERG1 MTS1 HMG1 CWH8 ERGY9 FAS1 ERG11 URA7 LKH1 CHOf1
ERG24 MVD ERG4 DPM1 C1_02240W_A SEC14 C1_01050C_A
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C1_00810W_A MSS4 LIP6 HAL21 ERG3 SAH1 ERG251 ERG2 MCR1
C6_02420W_A

6997

nucleus
organization

9 out of 739
genes, 1.2%

C4_04800W_A PGA63 C4_01660W_A GLE2 C1_02240W_A KAR4 KAR2
GSP1C2_08160C_A

6996

organelle
organization

108 out of 739
genes, 14.6%

C5_01540W A PCL1 C4_05330C_A RPF2 TIF5 C1_09040C_A RPL25
RPPO C4_02720C_A C1_09060C_A TEF2 HTA2 BFR1 C4_04800W A
TEF1 CR_09140C_A PGA63 CR_02690W A  C6_02380W A
C6_03380W A GLC7 CR_04120C_A ARC40 C4_01660W A RPS27
C7_01360C_ A PFY! INT1 MDN1 CSI2 CYP1 C1_04180W A
C1_02290C_A C3 04810C_A C2 02540W A RPS17B C3_06050C_A
YST1 POL30 RRS1 GLE2 REC8 TUB2 RPL3 C1_11860W A
C4_02820W A SDA1 YTM1 NOP1 CR_02770C_A UBI3 RPL11 RPL6
VRP1 C4_05230C_A C1_02240W_A TIM50 RPS26A TUB1 CHC1 PHR2
HHF22 C2_04570W_A C2_07290W_A SSN6 SEC14 HAT1 HTB1 SUR7
RPL12 COF1 MSS4 CLN3 MCD1 KAR4 KAR2 C1_03790C A
C5_03550W_A C1_06760C_A C3_02020W A GSP1 HHT2 EMP24 RPL5
SAM50 NCE102 NAT4 TOM20 C6_02690C A DRS1 CDC5 EXOf1
C4_05010W A SEC24 RPS28B C2_05270W A POR1 C7_01600W_A
HHT21 C3_00730W_A C2_08160C_A NIP7 RPS14B ACT1 MAK21 ILV5
SSF1 DLH1

other

other

38 out of 739
genes, 5.1%

C2_06350C_A C7_04210C_A C6_02480W_A HPT1 UAP1 C2_07420W _A
LSC1 C5_04300C_A GLO1 HEM13 C2_08530C_A MET15 C1_13790C_A
MAE1 LAT1 RNR21 OSM1 DUT1 GUA1 AAT22 IPP1 MET3 MET18
C1_11790W A  PSA2 C4 01830C_A  C7_02100W A  SOU2
C4 06710W A URA1 URA5 XYL2 GUK1 DCG1 APT1 MET14
C6_01420C_A C6_03880W _A

9405

pathogenesis

35 out of 739
genes, 4.7%

YCP4 TEC1 MTS1 HWP2 INT1 RFG1 WH11 PES1 SOD1 ERG24 NRG1
PGA26 SOD5 BGL2 PST2 SFL2 PHR2 SSN6 NDT80 ALS2 RBE1 FET34
ALS3 PST3 MSI3 NCE102 ERG3 RHR2 PMT1 ASC1 PMT4 LEU2 CSH1
SCH9 PHM7

30163

protein catabolic
process

9 out of 739
genes, 1.2%

CIC1 LKH1 AMN1 PDI1 PMT2 KAR2 MSI3 PMT1 SEC61

6457

protein folding

13 out of 739
genes, 1.8%

SSB1 SSZ1 CR_02690W_A C7_01360C_A CYP1 HGH1 CNS1 EROf1
PDI1 KAR2 C1_03790C_A ZUO1 MSI3

7124

pseudohyphal
growth

3 out of 739
genes, 0.4%

TEC1 PTP1 SFL2

50789

regulation of
biological process

167 out of 739
genes, 22.6%

C6_022860W A UTP5 PCL1 YCP4 MSB2 C4_05330C_A TPI1
C4_00940W A MET6 AGP2 SSB1 C5_02110W_A TIF5 C1_12570C_A
C1_09040C_A RMS1 HSP12 C4_02720C_A EFT2 MED1 NOG2 TIF ELF1
HTA2 BFRT1 TMA19 PIL1 SUT1 C1_02440C_A C6 03380W_A GLC7
RPL30 TEC1 WSC2 DRG1 ERG1 ARC40 C4_01660W_A C1_03470C_A
NRM1 SPO22 TSA1B PFY1 CAM1 MDN1 RFG1 CYP1 PES1 GZF3 PGK1
C3_04810C_A C3_06050C_A SEC12 CAR1 ERG11 SOD1 POL30 CYS4
KTI12 C2_05860C_A EFB1 GLE2 NPL3 CHO1 C5_03640W A MFAT
REC8 TUB2 PDC11 NRG1 PTP1 CYS3 ANB1 C1_11860W_A
C2 07620W A SDA1 C2 03830W A PGA26 RPP2B PGA13
CR_02770C_A RPS9B RPP1A RHA1 PST2 VRP1 C4_05230C_A SFL2
C1_02240W A OFI1 YOX1 TUB1 RPS23A AMN1 FBA1 PHR2 HHF22
TDH3 GCD6 ADH1 SSN6 NDT80 MIH1 SEC14 PTP2 HAT1 HTB1 MRT4
AAH1 PMA1 COF1 MSS4 CLN3 GCD7 PMT2 KAR4 RPP1 C1_14080W_A
ZPR1 KAR2 C1_03790C_A GCN1 C5_03550W_A MSB1 C1_06760C_A
C3_02040C_A GSP1 HHT2 ENO1 HXK2 C1_05630C_A PST3 NCE102
C3_05320W A NAT4 C6_02690C_A C2_05160C_A NAN1 CDC5 EXO1
C7_00830C_A PTP3 HMT1 DBP2 PMT1 ZCF3 ZCF31 RPS28B CDC19
TFS1 IMH3 RPS21 ASC1 POR1 PMT4 UTP4 C4_07150W_A GDA1
HHT21 UTP15 CR_04300W_A C3_00730W_A MAM33 URA2 SCH9 TOS4
DLH1

42221

response to
chemical

114 out of 739
genes, 15.4%

UTP5 GAR1 PCL1 YCP4 MSB2 ENP2 SOD2 RPL17B RPF2
C5_02110W_A ERG6 CAR2 C7_03850W_A UTP20 EFT2 GND1 PGA23
HGT7 LTV1 TMA19 SUT1 HGT12 C4_06210C_A GLC7 ERG13 NOP4
TEC1 ERG1 KRE5 AQY1 NRM1 TSA1B HMG1 C7_01360C_A RLP24
RFG1PES1 GZF3 FAS1 GAD1 ERG11 NOP14 UTP22 SOD1 DAK2 RRS1
C2_05860C_A CHO1 ERG24 MFA1 TUB2 NRG1 FCY2 C1_11860W_A
SSR1 DIP2 C2_03830W_A PGA26 CNS1 SOD5 RPO26 PST2
C4_05230C_A TUB1 RPS23A DDR48 SSN6 NDT80 SEN2 HAT1 MRT4
CNT PRT1 SUR7 PDI1 FET34 CR_01220W_A CLN3 RRP9 PMT2 KAR4
KAR2 GCY1 NIP1 C1_06760C_A FLU1 PST3 MSI3 NOC4 C3_05320W_A
ERG3 PGA31 PGA62 DRS1 CDC5 C4_05010W_A RHR2 GRE3 PMT1
ZCF3 NOC2 ZCF31 ERG2 IMH3 PMT4 ERB1 UTP15 KRE30
CR_04300W_A MCR1 SCH9 SEC61 ACT1 MAK21

42493

response to drug

68 out of 739
genes, 9.2%

UTP5 GAR1 PCL1 ENP2 RPL17B RPF2 ERG6 CAR2 C7_03850W_A
UTP20 EFT2 PGA23 HGT7 C4_06210C_A ERG13 NOP4 ERG1 KRES
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HMG1 RLP24 PES1 GZF3 FAS1 ERG11 NOP14 UTP22 RRS1 ERG24
TUB2 NRG1 SSR1 DIP2 C2_03830W_A CNS1 RPO26 C4_05230C_A
TUB1 SSN6 NDT80 SEN2 MRT4 CNT PRT1 CR_01220W_A CLN3 RRP9
PMT2 GCY1 NIP1 C1_06760C_A MSI3 NOC4 ERG3 PGA31 PGA62
DRS1C4_05010W_A PMT1 ZCF3 NOC2 ZCF31 ERG2 IMH3 PMT4 ERB1
UTP15 KRE30 MAK21

6950

response to stress

96 out of 739
genes, 13%

PCL1 YCP4 MSB2 RPL16A TPI1 SOD2 MET6 SSB1 C5_02110W_A
RMS1 HSP12 ERGS5 C1_10880W_A GND1 HTA2 LTV1 C4_04800W_A
TMA19 PIL1 HGT12 GLC7 ERG13 TEC1 WSC2 CR_04120C_A ERG1
ARC40 KRES5 C4_01660W_A YNK1 AQY1 TSA1B C7_01360C_A CSI2
RFG1 WH11 PES1 PRI2 GZF3 C3_04810C_A GAD1 SOD1 POL30
C2_05860C_A CHO1 NRG1 FCY2 DIP2 PGA26 ENP1 SOD5 YTM1 RPL6
PST2 VRP1 RPS23A RNR1 DDR48 NDT80 HAT1 HTB1 SUR7 PDI1
FET34 PMT2 MCD1 ZPR1 KAR2 GCY1 GCN1 FGR2 C5_03550W_A
FGR41 HHT2 PST3 HAL21 C3_05320W_A CHT2 CDC5 EXO1 RHR2
GRE3 PMT1 NOC2 CDC19 IMH3 ASC1 HHT21 C1_11120C_A
CR_04300W_A C2_08160C_A MCR1 SCH9 SEC61 ACT1 TOS4

42254

ribosome
biogenesis

150 out of 739
genes, 20.3%

UTP5 GART C5_01540W_A RPL7 C1_07660W_A C4_05330C_A ENP2
RPL17B RPF2 CR_10410C_A SSB1 TIF5 C1_09040C_A RPS15 RPL25
CR_10470C_A NOP15 RPPO SSZ1 C7_03850W A CIC1 UTP20
C1_10880W A NOG2 RCL1 ELF1 LTV1 C7_01030C_A RPL37B JIP5
NSA1 RPL10A UTP18 C6_02380W_A CR_01780W A C4_06210C_A
RPS18 RPL30 DBP8 RPS10 NOP4 HAS1 C4_01660W_A PUS7 RPS27
CR_09740W_A RPS3 RLP24 MDN1 RPS6A CSI2 UTP13 PES1 PWP2
C3_05160C_ A C3 04380C_A C2 02540W A RPS17B  YST1
C3_01560W A RPST19A UTP21 CR_04170W_A KRR1 NOP14 RPS8A
UTP22 RRS1 RPL3 SDA1 DIP2 NOP5 ENP1 YTM1 NOP1 UBI3
C3_06760W A RPS9B RPL11 RPL6 C4_05230C_A SPB1 RPS26A
RPS23A RPL8B C2_04570W_A CR_08500W A RPS21B TSR1 TSR2
C2 04120C_A RRP42 MRT4 IMP4 NMD3 RPL12 CR_04110W_A SIK1
RRP9 ARX1 RPP1 C1_14080W A C6_01890C A RPS1 DIM1
C6_01040C_A C1_06760C_A C3_02040C_A C3_02020W_A RPS24
NOP8 GSP1 DBP7 RPL5 C1_10970W A ZUO1 NOC4 RPS13
C2_05160C_A C1_04040C_A DRS1 NAN1 RPS7A RPS5 C4_05010W _A
HCA4 DBP2 NOC2 RPS28B PWP1 RPS21 RPS20 RPS16A
C1_10620W A  UTP4 ERB1 CR_02030C_A  C2 09660W A
C1_05720W_A UTP15 C1_12680W_A KRE30 RPL35 CR_04240C_A
C3_06370C_A NIP7 DBP3 RPS14B MAK21 SSF1

16070

RNA metabolic
process

161 out of 739
genes, 21.8%

UTP5 GAR1 C5_01540W_A RRN3 RPL7 C1_07660W A C4_05330C_A
ENP2 C4_00940W A THS1 RPL17B RPF2 CR_10410C_A SSB1 TIF5
C1.12570C A RPC19 GUST CR_10470C_A NOP15 SSZ1
C7_03850W A CIC1 UTP20 C1_10880W A RCL1 MSS116
C7_01030C_A RPL37B C6_02880W A C2_01070W_A C2_09180W A
UTP18 C6_02380W A CR_01780W_A C4_06210C_A RPS18 RPL30
DBP8 NOP4 C1_01150C_A RPC40 HAS1 PUS7 RPS27 CR_09740W _A
C4 03830W A LHP1 MDN1 RPS6A CSI2 UTP13 PES1 PWP2
C3_05160C_A C3_04380C_A PRI2 C2_07630C_A ERF1 C2_02540W _A
C1_01530C_A YST1 C3_01560W A ARC1 UTP21 CR_04170W_A KRR1
NOP14 RPS8A UTP22 KTI12 RRS1 TRM1 NPL3 RPL3 CR_04160C_A
SES1C6_02350C_A KRS1 DIP2 NOP5 ENP1 RPA34 NOP1 RPO26 UBI3
C3_06760W A RPS9B C4_05230C_A SPB1 C7_03660C_A RPS23A
RPL8B HHF22 C2 04570W A GCD6 RPS21B C2 09500W A TSR1
TSR2 SEN2 C2_04120C_A RRP42 MRT4 IMP4 CR_04110W_A SIK1
RPA135 RRP9 RPP1 C1_14080W_A C7_02660C_A C6_01890C_A RPS1
DIM1 C3 07400W_A C6_01040C_A C1_06760C_A C3_02040C_A
C3_02020W_A RPS24 NOP8 GSP1 HHT2 DBP7 RPA190 C1_10970W _A
ZUO1 NOC4 RPS13 C4_04810C_A DPS1-1  C6_02690C_A
C1.04040C_A DRS1 NAN1 ABP140 HCA4 C7_00830C_A DBP2
C3_00100W A RPS28B PWP1 RPS20 RPS16A C1_10620W A UTP4
ERB1 CR_02030C_A C7_02340C_A C1_05720W_A UTP15 RPL35
CR_04240C_A C3_06370C_A CR_04300W_A C3_00730W_A NIP7 DBP3
RPS14B SSF1

7165

signal
transduction

13 out of 739
genes, 1.8%

MSB2 C4_02720C_A WSC2 C3_04810C_A C1_11860W_A MSS4 KAR2
GCN1 GSP1 C3_05320W_A CDC5 ASC1 SCH9

6412

translation

115 out of 739
genes, 15.6%

C2_02930C_A C5_01540W_A CAM1-1 RPL16A THS1 RPL17B SSB1
TIF5 GUS1 RPS15 RPL19A RPL25 C4_04390W_A C7_00490C_A RPPO
SSZ1 RPL20B CIC1 TEF2 EFT2 RPL29 RPL23A TIF TEF1 RPL37B
TMA19 RPL10A C5_00030W_A RPL14 RPS18 RPL30 RPP2A DRGT1
RPL2 RPS27 C2_07190C_A C5_02660C_A RPS3 C1_06470W_A CAM1
RPS6A RPL32 RPP1B RPL9B ERF1 C3_04810C_A RPS12 RPS17B
C1_01530C_A YST1 ARC1 RPS19A RPS8A RPS30 EFB1 RPS22A NPL3
RPL3 CR_04160C_A ANB1 SES1 KRS1 C1_02330C_A RPP2B UBI3
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C2_05410W_A RPS9B RPL11 RPL6 RPP1A RPL42 RPL38
C7_03660C_A RPS26A RPS23A GCD6 RPS21B RPL15A RPL4B
C1_06890C_A C6_03730C_A RPL13 C2_05710C_A PRT1 RPL12
RPL43A GCD7 C6_01980C_A RPL40B NIP1 RPS1 C3_07400W_A
RPL27A RPS24 RPL5 ZUO1 CEF3 RPS13 C1_03620C_A DPS1-1
CR_08480C_A RPS7A RPS5 RPL28 RPL21A RPS28B RPS21 RPS20
MRPS9 RPS16A C1_05720W_A RPL35 RPL39 RPS14B TIF3

6810

transport

127 out of 739
genes, 17.2%

FRE10 FEN12 AGP2 CR_01630C_A SSB1 APE2 RPS15 OPT5 MUP1
TEF2 NOG2 ELF1 HGT7 LTV1 TEF1 CR_04610C_A RPL10A PGA63
HGT10 PIL1 HGT6 HGT12 C6_03390W_A GAP1 C4_06210C_A RPS18
ATP1 RPS10 VRG4 C4_01660W_A ATP2 ATP3 AQY1 C2_09590C_A
C7_01360C_A PFY1 RPS3 MIR1 C2_05290C_A PTR22 C3_06050C_A
YST1 RPS19A HXTS5 UTP22 RRS1 CR_07220C_A LKH1 GLE2 NPL3
TUB2 FCY2 SDA1 ERV25 HGT19 ENP1 EGD1 SSH1 VRP1
C1_02240W_A TIM50 RPS26A TUB1 RPS23A CHC1 FBA1 HUT1 TDH3
HSP31 HSP30 CR_08500W_A HGT13 SEC14 MRT4 C3_01680C_A CNT
SUR7 NMD3 RBE1 FET34 PMA1 ALS3 CR_01220W_A COF1 PMT2
ARX1 KAR2 ATP8 EGD2 FGR2 C5_03550W_A TVP18 C3_02040C_A
GSP1 FLU1 EMP24 HXK2 GAP4 ZUO1 C1_05630C_A SAM50 NCE102
CR_03580C_A TOM20 ALP1 C1_04040C_A RPS5 HMT1 SEC24 PMT1
RPS28B RPS21 NTF2 C2_05270W_A C1_10620W_A C7_00630C_A
POR1 C7_01600W_A PET9 KRE30 C2_02410W_A HGT8 C2_08160C_A
YMC1 SEC61 C1_11920W_A ACT1

32196

transposition

1 out of 739
genes, 0.1%

RPC40

16192

vesicle-mediated
transport

17 out of 739
genes, 2.3%

FEN12 PGA63 PIL1 ERV25 VRP1CHC1 SEC14 SUR7 ALS3 COF1TVP18
EMP24 SEC24 C1_10620W_A C2_08160C_A C1_11920W_A ACT1

6766

vitamin metabolic
process

4 out of 739
genes, 0.5%

SPE3 RIB4 HMT1 SPE2

Molecular Function

Table S8. Assignment of the 431 significantly upregulated C. albicans genes to
25 GO Slim terms under the Molecular Function category.

GOID GO term Frequency Gene list
3677 DNA binding 27 out of 431 | WOR4 C2_05060C_A TERT C1_03270W_A C4_00030C_A RAD6
genes, 6.3% CAT8 HAP2 GCN4 C2_08950W_A STB5 GAT1 CIRT4B SUC1 INO4
C1_12880C_A CAP1 C2_08890W_A MET28 ZCF25 ZCF20 RAD52
PYC2 C2_08420W_A C4_02570C_A C2_00350W_A INO2
30234 enzyme regulator 7 out of 431 | C1_01840C_A FAR1 C1_14190C_A CR_02910W_A MNN41 HGC1
activity genes, 1.6% C1_14020W_A
4386 helicase activity 2 out of 431 | RAD6 C2_00350W_A
genes, 0.5%
16787 hydrolase activity 49 out of 431 | DUR1,2 EHD3 C2_01920C_A GBU1 RBR2 RAD6 C1_08140W_A
genes, 11.4% | HIS7 CR_03690W_A C3_05360C_A C7_02920W_A CAG1 PRB1
C3 00400C_A HIS4 C1_05160C_A ROA1 SCW4 ARF1 DAC1
C3 _02060W_A C3_02750W_A C4_02170C_A PPH3 C3_07430W_A
SNO1 C1_09440W_A CR_02570C_A CR_03220C_A
C4_06910W._ A C7_03860W_A PEX6 PSO2 HSP78 YPT53
C5_05360C_A C5_00230C_A PXA1 CDR11 NBP35 C2_08420W_A
SAP6 PLB1 ATM1 PXA2 CCE1 C2_00350W_A SNZ1 SAP4
16853 isomerase activity 2 out of 431 | ECI1INO1
genes, 0.5%
16874 ligase activity 11 out of 431 | DUR1,2 RAD6 C7_02920W_A CPA1 UBC8 CPA2 UBC15 PYC2
genes, 2.6% FAA21 APG7 ARG1
8289 lipid binding 4 out of 431 | POX18 C3_01420C_A C1_03330C_A AUT7
genes, 0.9%
16829 lyase activity 8 out of 431 | C2_00390C_A ARG4 LYS4 HIS3 C1_02970W_A CHA1 FOX2 SNZ1
genes, 1.9%
3674 molecular_function 168 out of 431 | APS3 C1_01220C_A C1_11320C_A SFT2 RSN1 C2_08440W_A
genes, 39% C6_02450W_A C4_05900C_A C4_03950C_A C3_02920W_A
C1_05890W_A C3 07370W_A C3_02900W_A C6_02620C_A
C2 01140C_A C6_00730W_A C4_01970W_A C3_00050C_A
C2 _05990C_A C1_00020C_A C1_06860W_A ATO5 MOH1
C4_02930W_A C5.03870C_A (C3 05750C_A C7_01830W_A
C3 03700C_A C1_02270C_A C6_02790C_A OP4 CR_09350C_A
C1_03120W_A C1_1 1570W_A CR_06260W_A C7_03280C_A STF2
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CR_02480W_A C1_09310C_A C2_08510W_A MED3 C6_01490C_A
C3 04720C A PEX22  C4.00080C_ A  CR_03260W A
C1_12840W A C4_04400C_ A CR _04220C_A C4_06670W A
C7_00260C_ A CS099 C2 08330W A C3 04650W A CIP1
C6_03150C_A C1_01140C_A BLP1 MSO1 C1_00580W A BUL1
CR_07740W A CR_08830W A CR_09610C_A C1_13430C_A
C1_01630W A C7_03310W A PGA17 GNP3 C1_14180W A
C5_03890C_A C4_05120C_A ATO1 CR_10310W_A C4_04380C_A
C2_08260W_A C2_02300W A C3_02990C_A C5_03340W_A AAP1
C5_00390C_ A C1_00030C_A C7_00770W_A C7_02140W A
C1_05440C_A C3_07070C_A C6_02020C_A PEX17 BUD20 ATO9
GST1 C6_00080C_A C1_05690C_A C3_02090C_A C3_03370C_A
GTT1 C1_13090W_A C3_07720C_A C2_10870W_A CR_04860C_A
C4 01350W A C2 04400W_A C2_06060C_A C3_05060W A
C3_02660W A TES1 C5_04980W A C1_13100W A
CR_05770W_A CR _06020W_A C1_10140C_A C2_08690C_A
C6_03280W A C4 _03960W A C1_09770W A C7_03820C_A
C1_13180W_A IFK2 C2_02390W A FGR12 SMI1B C3_01060W_A
C2 09800C A C1_12150C_A C1_09340C_ A CR_02060W A
CR_04850C_A C3_04840C_A CR _01440C_ A C4_00640W A
C4 07020C_ A FGR28 C1_06870C A ATG9 C4_06940C A
C1_12070C_A C4 01340W A C2 06630C_A C1_11260C_A
C5 05180W A C6_03530C_A C5 03710C_A C1_12060C_A
CR_04820W_A CAN3 C1_00190C_A C6_03670C_A C2_09870W A

PSF1  AGA1 C5_05510C_A C6_01940W_A CR_07700W_A
CR_06270W_A C4_03710C_A C1_01610C_A PGA46
C3_01270W_A C1_10060C_A C2_04830W_A TES15

C3_04330C_ A C3 02630C_ A PGA25 CR_10320W_A MRV2
C7_03580C_A C3_04190W A

3774 motor activity 0 out of 431 | none
genes, 0%
16779 nucleotidyltransferase | 1 out of 431 | TERT
activity genes, 0.2%
other other 28 out of 431 | WOR2 STE2 FAA2-3 CRD2 C6_01620W_A LYS142 CSA2
genes, 6.5% C2_00600C_A C4_02690W_A UGA33 FGR15 PEX5 ZCF32
C1_09300C_A C3_06040W_A SEF2 ZCF2 CR_05540C_A PGA7
C1_03870C_A SFT1 ZCF4 C2_02230C_A C6_03320W_A
CR_06980W_A GPR1 C1_02380C_A SSY1
16491 oxidoreductase 51 out of 431 | GTT13 C6_03240W_A C2_05060C_A C6_03600C_A DRE2 PXP2
activity genes, 11.8% | CR_07250C_A AOX2 C3_03470W_A YHB5 CR_07170W_A YHB1
GPX2 CDG1 POX1-3 SOD6 C2_07250C_A C7_02010C_A FRP2
POX1 C1_01620C_A C2_07070W_A MDH1-3 C4_03340C_A HIS4
GLT1 C4_02230C_A C4_02040W_A C3 _04350C_A AMO1 FOX2
CYB2 HPD1 GDH3 ALD6 AMO2 MET13 CR_00380W_A
CR_04870C_A IFR1 ARG5,6 GOR1 YHB4 C4_00290C_A OSM2
FRP1 DLD2 HMX1 IFG3 C4_02570C_A C7_01170C_A
8233 peptidase activity 6 out of 431 | C3_05360C_A PRB1 CR_03220C_A C7_03860W_A SAP6 SAP4
genes, 1.4%
16791 phosphatase activity | 2 out of 431 | PPH3 C3_07430W_A
genes, 0.5%
5515 protein binding 13 out of 431 | CR_08420W_A STE18 C6_03290W_A CAG1 PRB1 GCN4 INO4
genes, 3.0% ECM21 MET28 C7_03860W _A PEX6 HSP78 SUA72
4672 protein kinase activity | 6 out of 431 | NPR1 C1_05370C_A C1_12120W_A ATG1 CEK2 PRR2
genes, 1.4%
3723 RNA binding 7 out of 431 | C3.05290C_A TERT POT1 C2_07070W_A MDH1-3 C3_02750W_A
genes, 1.6% SET1
4871 signal transducer 0 out of 431 | none
activity genes, 0%
5198 structural molecule 3 out of 431 | EHD3 RBR2 ISA2
activity genes, 0.7%
988 transcription factor 0 out of 431 | none
activity, protein genes, 0%
binding
16740 transferase activity 54 out of 431 | NPR1 GTT13 TERT MET2 HXK1 ARG3 BAT21 C4_07210W_A

genes, 12.5%

C1_05370C_A ARO3 RAD6 C3_03760W_A HIS7 TRP4 UGT51C1
ATF1 POT1 UGA1 HOM3 LCB4 C3_00400C_A C2 _08950W A
UBC8 C2_07070W_A BIO32 ALT1 C1_00860W A C1_12120W A
CTN1 FOX3 HIS5 UGA11 BMT9 €2 09070C_ A SAS3
CR_04230W A SET1 LYS22 IFR1T ARO8 ARG56 LEU42
C2_06780C_A ATG1 CEK2 ECM42 C4_00500W_A C2_00350W _A
PRR2 CTN3 ARG8 CR_06770C_A C3_02850C_A ELC1
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45182 translation regulator 0 out of 431 | none
activity genes, 0%
5215 transporter activity 44 out of 431 | HGT4 FTH1 TNA1 ITR1 C3_03690W_A C6_03540W_A DUR3
genes, 10.2% | CR_06790C_A C7_01510W_A C1_01750W_A QDR3
C2_07580W_A OPT3 C6_01520W_A GPT1 ROA1 OPT4 UGA4
OPT8 C4 _00680W_A SSU1 MEP1 TPO4 GAP2 GIT2 ARRS3
C5_03080C_A PTR2 ANT1 C4_06910W_A C3_05900W_A CCC1
C4_04250W_A FRP3 PXA1 C1_00830W_A CDR11 C6_01870C_A
MEP2 ATM1 FCY23 C1_06980C_A PXA2 FTR2
30533 triplet codon-amino 0 out of 431 | none
acid adaptor activity genes, 0%

Table S9. Assignment of the 739 significantly downregulated C. albicans genes
to 25 GO Slim terms under the Molecular Function category.

genes, 25.8%

GOID GO term Frequency Gene list
3677 DNA binding 33 out of 739 | RRN3 C1_00160C_A HTA2 C2_01070W_A TEC1 CR_04120C_A
genes, 4.5% RFG1 PRI2 C1_13820C_A GZF3 C1_04180W_A C3_04810C_A
C3_07690C_A POL30 C2_05860C_A NRG1 C4_02820W_A RP0O26
SFL2 YOX1 HHF22 NDT80 HTB1 IMP4 C7_02100W_A RPA135
HHT2 RPA190 CDC5 EXO1 HHT21 ILV5 DLH1
30234 enzyme regulator 21 out of 739 | DPM2 PCL1 C4_05330C_A TIF5 RCL1 RLP24 ERF1 SEC12 CAR1
activity genes, 2.8% ARC1 POL30 RPP2B RPP1A CLN3 GCD7 GCN1 MSI3 TFS1 ASC1
C1_11920W_A DLH1
4386 helicase activity 17 out of 739 | TIF MSS116 C3_06830C_A C6_02380W_A DBP8 HAST1
genes, 2.3% CR_09740W_A C3_05160C_A C3_01560W_A C6_01890C_A
C6_01040C_A DBP7 DRS1 HCA4 DBP2 DBP3 DLH1
16787 hydrolase activity 84 out of 739 | PNG2 C4_00940W_A YBN5 C2_07420W_A SSB1 APE2
genes, 11.4% | C1_12570C_A C5_04300C_A TEF2 EFT2 RCL1 TIF ELF1 MSS116
TEF1 CRH11 C6_02880W_A C3_06830C_A C2_09180W_A
C1_02440C_A ENG1 C6_02380W_A C4_06210C_A GLC7 DBPS8
ATP1 CR_04120C_A HAS1 CDA2 ATP2 C4_01800W_A ATP3
CR_09740W_A C5_02660C_A MDN1 C3_05160C_A CWHS
C7_01950W_A DUT1 CAR1 C3_01560W_A IPP1 EXG2 LKH1 TUB2
PTP1 BGL2 C7_03660C_A TUB1 C4_01830C_A CHT3 PHR2
DDR48 MIH1 SEN2 PTP2 AAH1 PMA1 C5_02400W_A RPP1 KAR2
C6_01890C_A C4_01220C_A C6_01040C_A GSP1 DBP7 LIP6
CEF3 C5_04940W_A MSI3 HAL21 CHT2 SAH1 DRS1 EXO1 HCA4
RHR2 PTP3 DBP2 GDA1 KRE30 DBP3 C6_02420W_A DLH1
16853 isomerase activity 14 out of 739 | GAR1 TPI1 PUS7 CYP1 C6_02350C_A PGI1 ERO1 PDI1 GPM1
genes, 1.9% C1_03790C_A PMI1 DCG1 ERG2 C1_10620W_A
16874 ligase activity 19 out of 739 | THS1 LSC1 GUST C2_08530C_A LSC2 ATP1 ATP2 ATP3 GUAT1
genes, 2.6% C1_01530C_A URA7 SES1 KRS1 C2_03830W_A CR_02770C_A
C7_03660C_A ATP8 DPS1-1 URA2
8289 lipid binding 9 out of 739 | C5_02110W_A PIL1 PFY1 CAM1 ARC1 RBE1 MSS4 EGD2 TFS1
genes, 1.2%
16829 lyase activity 11 out of 739 | GLO1 FAS1 GAD1 CYS4 PDC11 MVD CYS3 FBA1 FUM11 ENO1
genes, 1.5% SPE2
3674 molecular_function 191 out of 739 | C3_04210W_A C1_06620C_A C4_05730W_A C3_00360W_A UTP5

C2 02930C_ A C1_02730W_A CAM1-1_ C1_07660W_A ENP2
CR_05210W A PGA53 C3_00230C_ A AGP2 C1_12000C_A
C2 04370W A C1_10500W A C5 01110W_A C6_01600W A
C3_01970C_ A C5 03040W A LDG3 HSP12 CR_10470C_A
C4_02720C_A C2_07010W_A C1_07790C_A C1_09060C_A UTP20
PGA23 GDS1 CR_06500C_A LTV1 C4_04800W_A C7_01940C_A
C7_01030C_A C2 05960C_A CR_04610C_A C4_06320C_A
C1_11720W_ A TMA19 CR _01410C_A CR_09140C_A JIP5
C6_03200W A NSA1 C1_13790C_A CR_10200W A UTP18
C6_00680C_A RPS10 MRV3 RBR1 C7_02280W_A ECM331 SRP40
C1_07990C_A ASR3 NRM1 HWP2 SP0O22 PGA58 C6_03110C_A
C2 00130W A C2 04080W A CR_09510C_A C7_02260W A
C4_01030W_A C1_10850W A WH11 ALS4 C2_05290C A PGA12
PWP2 PGA30 C6_00450C_A C2_07630C_A C4_01180W_A RHD2
PGA34 C5 00510W A C3 07900C_A C4_07160W A UTP21
C1_10170W A UTP22 YWP1 MET18 C1_04270C_A GLE2
C7 01010W A  C1_11930W_ A  C5 01090C_ A  PGA54
CR_06570C_A C4 03230C_A SDA1 ERV25 NOP5 PGA26
C2 10130W_ A YTM1 C1_09500W A PGA13 CR_10750C_A
C3_06760W A C7 03270W A C3 01540W A RPL82 ASR2
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C1_03580W A RPL8B C2 04570W_A CR_09940W A PBR1
C6_02490C A TSR2 ALS2 PRN4 C5 01550C_A PGA18
CR_09060W A C2 01960C_A RRP42 MRT4 C3 01680C A
CR_09070C_A C5_03440W_A C1_01510W A  SUR7
C1_09330W A C1_03510C_A C1_12180C_A PGA59 SLP2 SIK1
C7 01380W A RPL18 CR_00530W_A ARX1 C2_04000C_A
C3_01640C_A ASR1 PGA6 C7_02660C_A C3_06880W_A MSB1
TVP18 ROD1 FGR41 EMP24 USO6 C2_03020C_A C3_05450C_A
NOC4 NCE102 C5 03630C_A C2 00890W A PGA31 PGA62
C1_11990W_A C4_05010W_A C5_03000C_A FRP5 NOC2 KRE1
C1_11200W_A PWP1 PGA11 C2 10010C_A C6_02080W A
C2_00670C_A C7_00630C_A C7_02210W_A UTP4 C2_09660W A
C1_11120C_A C2 02410W_ A C3 06370C_A C4_02260C_A
C1_13150W A  C2 08160C_A  PGA38  CR_02340W A
C3_00990C A PHM7 C1_12300W_A MAK21 C3 07980C_A
C1_10050W_A C5_00600C_A

3774 motor activity 0 out of 739 | none
genes, 0%
16779 nucleotidyltransferase | 13 out of 739 | UAP1 RPC19 C2_01070W_A RPC40 PRI2 MET3 RPA34 RP0O26
activity genes, 1.8% PSA2 GCD6 RPA135 SRB1 RPA190
other other 33 out of 739 | ERG28 MSB2 C7_03850W_A MED1 WSC2 DRG1 C5_04480C_A
genes, 4.5% SPR28 C5_03530C_A C1_09810W_A C3_06050C_A KTI12
CR_09330C_A RECS8 SSH1 RHA1 C4_05230C_A OFI1 TSR1
C1_06760C_A C1_11050W_A NOP8 CR_01640C_A ZUO1 SEC24
ZCF3 ZCF31 C3_00100W_A C2_05270W_A C7_01600W_A
C4_07150W_A TOS4 SCW11
16491 oxidoreductase 57 out of 739 | C2_06350C_A FRE10 YCP4 C6_02480W_A SOD2 HEM13 ERG5
activity genes, 7.7% GND1 CFL2 ERG25 MAE1 ERG1LAT1 TSA1B HMG1 GPD2 RNR21
OSM1 FAS1 ERG11 SOD1 ERG24 SOD5 ERG4 PST2 RNR1 TDH3
ERO1 C2_07290W_A ADH1 C2_09500W_A GUT2 SOU1 PDI1
FET34 SOU2 C1_01050C_A C4_06710W_A URA1 GCY1 IDH2
XYL2 MRF1 PST3 IDH1 ERG3 C5_05020C_A ERG251 GRE3 IMH3
LEU2 IFD6 CSH1 C6_01420C_A MCR1 ILV5 C6_03880W_A
8233 peptidase activity 6 out of 739 | APE2 C5_04300C_A C1_02440C_A C5_02660C_A C7_01950W_A
genes, 0.8% LKH1
16791 phosphatase activity | 8 out of 739 | C2_07420W_A GLC7 PTP1 MIH1 PTP2 HAL21 RHR2 PTP3
genes, 1.1%
5515 protein binding 70 out of 739 | C6_02280W_A RRN3 CR_10410C_A SSB1 TIF5 SSZ1 TEF2 EFT2
genes, 9.5% HTA2 TEF1 HWP1 CR_02690W_A SUT1 RPC40 ARC40 TSA1B
C7_01360C_A PFY1INT1 RPS3 CAM1 GPD2 PGK1 C1_04180W_A
C1_02290C_A SEC12 HGH1 CR_07220C_A EFB1 NPL3 MFA1
C1_11860W_A C2_07620W_A CNS1 EGD1 VRP1 C1_02240W_A
AMN1 FBA1 HHF22 TDH3 GCD6 CR_08500W_A ADH1 SSN6 HAT1
HYR1HTB1PDI1 ALS3 COF1 GCD7 MCD1 ZPR1 KAR2 GPM1 NIP1
EGD2 C5_03550W_A GSP1 HHT2 ENO1 C3_05320W_A CDC5
ABP140 C7_00830C_A ASC1 NTF2 HHT21 C1_12680W_A
4672 protein kinase activity | 3 out of 739 | C1_03470C_A CDC5 SCH9
genes, 0.4%
3723 RNA binding 107 out of 739 | GAR1T RPL7 RPL16A C4_00940W_A RPF2 CR_10410C_A
genes, 14.5% | C1_00160C_A TIF5 C1_12570C_A RPL25 NOP15 RPS42 RPPO
CIC1 TEF2 EFT2 C1_10880W_A NOG2 TIF ELF1 BFR1 MSS116
TEF1 RPL10A C5_00030W_A C6_02380W_A C6_03380W_A
RPL14 C4_06210C_A RPS18 RPL30 RPS4A NOP4 HAS1
C4_03830W_A LHP1 RPS3 CAM1 CSI2 UTP13 PES1
C3 05160C_A C3_04380C_A RPL9B ERF1 C2_02540W_A ARC1
CR_04170W_A KRR1 NOP14 RPL24A RRS1 TRM1 EFB1 NPL3
CR_04160C_A ANB1 C1_11860W_A C6_02350C_A DIP2 ENP1
C1_02330C_A NOP1 RPS9B RPL6 TDH3 GCD6 RPL15A
C2 04120C_A PFK2 PRT1 IMP4 NMD3 CR_04110W_A RRP9
GCD7 RPP1 C1_14080W_A GCY1 NIP1 C3_.02040C_A
C3 02020W_A RPL5 C1_10970W_A CEF3 RPS13 DPS1-1
C6_02690C_A C2_05160C_A C1_04040C_A NAN1 HCA4 GRE3
RPL28 DBP2 RPS21 C1_10620W_A ERB1 UTP15 CR_04240C_A
RPL39 CR_04300W_A C3_00730W_A NIP7 RPS14B SSF1 TIF3
4871 signal transducer 0 out of 739 | none
activity genes, 0%
5198 structural molecule 94 out of 739 | RPS25B C5_01540W_A RPL16A RPL17B RPS15 RPL19A RPL25
activity genes, 12.7% | C4_04390W_A RPS42 RPPO RPL20B CIC1 RPL29 RPL23A

C2_05300C_A RPL37B RPL10A PGA63 C5_00030W_A RPL14
RPS18 RPL30 RPP2A RPL2 C4_01660W_A C2_01740C_A RPS27
C2_07190C_A RPS3 C1_06470W_A RPS6A RPL32 RPP1B RPL9B
RPS12 RPS17B YST1 RPS19A RPS8A RPS30 RPS22A TUB2 RPL3
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SSR1 C1_02330C_A RPP2B UBI3 C2_05410W_A RPS9B RPL11
RPL6 RPP1A RPL42 RPL38 RPS26A TUB1 RPS23A CHC1 RPS21B
RPL15A C6_02370C_A RPL4B C1_06890C_A C6_03730C_A
RPL13  C2 05710C_A RPL12 C1.08520C_A  RPL43A
C6_01980C_A RPL40B RPS1 C5_03550W A RPL27A RPS24 RPL5
RPS13 C1_03620C_A C5_03410C_A CR_08480C_A RPS7A RPS5
RPL28 RPL21A RPS28B RPS21 RPS20 MRPS9 RPS16A
C1_05720W_A RPL35 RPL39 RPS14B ACT1

988

transcription factor
activity, protein
binding

0 out of 739
genes, 0%

none

16740

transferase activity

104 out of 739
genes, 14.1%

C7_04210C_A DPM2 C6_02480W A HPT1 UAP1 FEN12 MET6
ERG6 RPC19 C1_09040C_A RMS1 SMP3 C7_00490C A TKL1
ERG12 CAR2 CRH11 MET15 ERG10 C2 01070W A
CR_01780W A PFK1 ERG13 C1_01150C_A RPC40 KRE5
C1_03470C_A YNK1 LAT1 MTS1 C4_03830W_A C4_05250W A
SPE3 PRI2 PGK1 ERG9 FAST MNN12 AAT22 RIB4 CR_04170W_A
GSL2 DAK2 MET3 TRM1 CHO1 C5_03640W A C1_11790W A
CR_04160C_A RPA34 NOP1 RP0O26 C4_02620C_A BGL2 SAM2
DPM1 SPB1 PSA2 PHR2 RNR1 GCD6 ADH1 HAT1 PFK2 TAL1
C4_06710W_A C1_00810W_A MSS4 RPA135 PMT2 KAR4 DIM1
C3_07400W A C3_01570W_A URA5 SRB1 ENO1 RPA190 HXK2
BMT4 XYL2 MRF1 GUK1 STT3 C4_04810C_A NAT4 C5_05020C_A
CDC5 ABP140 HMT1 PMT1 CDC19 APT1 MET14 PMT4
C1_14160W A CR _02030C_A C7_02340C_A CR_04240C_A
CR_04300W_A URA2 SCH9 ACT1 OST1

45182

translation regulator
activity

18 out of 739
genes, 2.4%

TIF5 TEF2 EFT2 TIF ELF1 TEF1 CAM1 ERF1 EFB1 CR_04160C_A
ANB1 GCD6 PRT1 GCD7 NIP1 CEF3 C2_05160C_A MAM33

5215

transporter activity

45 out of 739
genes, 6.1%

CR_01630C_A OPT5 MUP1 HGT7 HGT10 HGT6 HGT12
C6_03390W_A GAP1ATP1 VRG4 ATP2 ATP3 AQY1 C2_09590C_A

MIR1 PTR22 HXTS5 FCY2 HGT19 C1_02240W_A TIM50 HUT1
HSP31 HSP30 HGT13 SEC14 CNT FET34 PMA1 CR_01220W_A
ATP8 FGR2 FLU1 GAP4 C1_05630C_A SAM50 CR_03580C_A
TOM20 ALP1 POR1 PET9 HGT8 YMC1 SEC61

30533

triplet codon-amino
acid adaptor activity

0 out of 739
genes, 0%

none

Cellular Component

Table S10. Assignment of the 431 significantly upregulated C. albicans genes to
27 GO Slim terms under the Cellular Component category.

GOID GO term Frequency Gene list
5938 cell cortex 1 out of 431 | LCB4
genes, 0.2%
5618 cell wall 3 out of 431 | RBR2 CRD2 INO1
genes, 0.7%
5933 cellular bud 1 out of 431 | MSO1
genes, 0.2%
5575 cellular 225 outof 431 | C1_01220C_A DUR1,2 C1_11320C_A CR_08420W_A RSN1 C2_08440W_A
component genes, 52.2% | C6_02450W_A C4_05900C_A C4_03950C_A C3_02920W_A C2_05060C_A

C1_05890W A  C6_03600C_ A  C3 07370W A  C3_02900W_A
C6_02620C_ A C2 01140C_A GBU1 C6_00730W_A C4_01970W A
C3_00050C_A C2_05990C_A C1_00020C_ A CR_07250C_A MOH1
C1_03270W A  C4 02930W A  C3 03470W A  C3_05750C_A
C3_03700C_A C1_02270C_A C6_02790C_A C1_03120W_A C1_05370C_A
C1_11570W_A ARO3 CR_06260W_A YHB5 CR_07170W_A C7_03280C_A
STF2 CR_02480W_A C1_09310C_A C2 08510W A GPX2 MED3
CR_03690W_A TRP4 C6_01490C_A PEX22 UGT51C1 C3_05360C_A ATF1
C4_04400C A CR_04220C_A C4_06670W A C7_00260C_A CDG1
C7 02920W A CS099 FAA2-3 C2 08330W A  C3 04650W A
C2_07250C_A HIS3 C1_01140C_A BLP1 C6_01620W_A C1_02970W A

HOM3 C7_02010C_A ~C1_00580W A FRP2 BULT CR_07740W A
C1.01620C_ A  CR_08830W A  C4 02690W A  CR_09610C_A
C2 08950W A  C1_13430C_ A  C1_01630W A  C7 _03310W A

C2_07070W_A C1_14180W_A C5_03890C_A C4_03340C_A C4_05120C_A
CR_10310W_A HIS4 C1_05160C_A BIO32 C4_04380C_A POX18 GLT1
C2_08260W A SCW4 C3_02990C A C5 03340W A CHA1 C4_02230C_A
C5_00390C A C1_12120W A C1_00030C_A C7_00770W A
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C4_02040W_A CIRT4B C7_02140W_A OPT8 C1_05440C_A C3_07070C_A
C3_01420C_A FOX3 C6_02020C_A C1_12880C_A DAC1 PEX17 BUD20
HIS5 UGA11 BMT9 GST1 C3_04350C_A C6_00080C_A C1_05690C_A
C3_02750W_A ECM21 C3_02090C_A C2_09070C_A C3_03370C_A FGR15
GTT1 C1_13090W A C3 07720C_A CR_04860C_A C4_01350W A
C2 04400W A C2 06060C_A C3_02660W A TES1 CR_04230W A
C3_07430W A C5_04980W A MNN41 C1_13100W A CR_05770W_A
CR_06020W A  C2 08890W A  C1_10140C_ A  C2 08690C_A
C6_03280W A  C4 03960W A  C1_09770W A  C7_03820C_A
C1_13180W_A IFK2 C2_02390W_A ALD6 CR_03220C_A FGR12 SMI1B
C3_01060W_A C2_09800C_A AMO2 MET13 C1_09340C_A CR_00380W_A
CR_02060W A CR_04850C_ A PSO2 C3 04840C_A CR_01440C_A
C4_00640W A C4_07020C_A FGR28 UBC15 C1_06870C_A C1_09300C_A
C3_06040W A LYS22 C4_06940C A C1_12070C_A C4_01340W A
C2 06630C_ A CR_04870C_A IFR1 C1_11260C_A CR_05540C_A
C5_05180W_A C6_03530C_A C5_03710C_A ARO8 C1_12060C_A YHB4
C4_00290C_A C1_03870C_A C1_00190C_A C6_03670C_A LEU42 FRP1
AGA1 C5 05510C_A C6_01940W A CEK2 C2 02230C_A SUA72
CR_07700W A IFG3 CR_06270W_A C1_01610C_A C3_01270W_A
C1_10060C_ A C2 04830W A C4_02570C_ A TES15 C3_04330C_A
C3 02630C_A PRR2 CR_10320W_A INO2 MRV2 CR_06770C_A
C7_01170C_A C7_03580C_A C3_04190W A

5694 chromosome 12 out of 431 | C4_00030C_A C7_01830W_A C4_07210W_A RAD6 C6_03290W_A PPH3
genes, 2.8% CAP1.C5_00230C_A RAD52 PSF1 C6_03320W_A C2_00350W_A
5737 cytoplasm 106 outof 431 | NPR1 GTT13 APS3 SFT2 C6_03240W_A EHD3 DRE2 C3_05290C_A PXP2
genes, 24.6% | C1_01840C_A FTH1 MET2 AOX2 HXK1 FAR1 ARG3 C3_03690W_A
C5_03870C_A C2_00390C_A BAT21 CR_09350C_A ARG4 RAD6 LYS4
YHB1 STE18 HIS7 C1_01750W_A POT1 CAG1 POX1-3 OPT3 CPA1 UGA1
PRB1 MSOf1 C2_00600C_A LCB4 POX1 UBC8 MDH1-3 CR_02910W_A
ROA1 ALT1 C1_00860W_A GAT1 UGA4 ARF1 CTN1 C4_00680W_A AMO1
FOX2 TPO4 C2_10870W_A GAP2 CYB2 HPD1 PEX5 ECI1 CAP1 SNO1
C1_09440W_A GDH3 CR_02570C_A C5 _03080C_A ANT1 CPA2
C1_12150C_A C7_03860W_A C1_03330C_A PEX6 HSP78 YPT53
C3_05900W_A HGC1 CCC1 C4_04250W_A ATG9 C5_05360C_A ZCF20
PXA1 PYC2 ARG5,6 FAA21 C1_14020W_A NBP35 C2_08420W_A APG7
SFT1 ISA2 OSM2 C2_06780C_A ARG1 ATM1 ATG1 DLD2 ECM42 HMX1
PXA2 CR_06980W_A GPR1 CCE1 AUT7 CTN3 ARG8 SNZ1
16023 cytoplasmic, 0 out of 431 | none
membrane- genes, 0%
bounded
vesicle
5856 cytoskeleton 1 out of 431 | C7_01830W_A
genes, 0.2%
12505 | endomembrane | 14 out of 431 | NPR1 SFT2 CAG1 OPT3 LCB4 ARF1 GAP2 C1_03330C_A YPT53 CCC1
system genes, 3.2% SFT1 OSM2 HMX1 C3_02850C_A
5783 endoplasmic 3 out of 431 | LCB4 OSM2 HMX1
reticulum genes, 0.7%
5576 extracellular 12 out of 431 | OP4 CIP1 SOD6 C6_03150C_A UGA1 CSA2 C3_02060W_A GDH3 GOR1
region genes, 2.8% SAP6 PLB1 SAP4
5794 Golgi 7 out of 431 | NPR1 SFT2 OPT3LCB4 ARF1 CCC1 SFT1
apparatus genes, 1.6%
1411 hyphal tip 0 out of 431 | none
genes, 0%
16020 membrane 82 out of 431 | NPR1 APS3 HGT4 SFT2 FTH1 TNA1 C1_06860W_A ATO5 AOX2 ITR1
genes, 19.0% | C3_03690W_A C6_03540W_A DUR3 CR_06790C_A C3_03760W_A STE18
C7_01510W_A C1_01750W_A C3 04720C_A STE2 QDR3 CAGT1
C2_07580W_A CIP1 OPT3 C6_01520W_A MSO1 LCB4 GNP3 GPT1 ATO1
CR_02910W_A ROA1 OPT4 UGA4 AAP1 CTN1 C4_00680W_A SSU1 ATO9
MEP1 TPO4 C2_10870W_A GAP2 PEX5 GIT2 ARR3 C5_03080C_A PTR2
ANT1 C4_06910W_A C1_03330C_A YPT53 C3 05900W_A CCC1
C4_04250W_A ATG9 FRP3 PXA1 C1_00830W_A CDR11 C6_01870C_A
CR_04820W_A CAN3 APG7 SFT1 MEP2 C2_09870W_A ATM1 FCY23
ATG1 C1_06980C_A DLD2 HMX1 PXA2 GPR1 C4_03710C_A CCE1 AUT7
FTR2 C3_02850C_A SSY1
5624 membrane 0 out of 431 | none
fraction genes, 0%
5815 microtubule 0 out of 431 | none
organizing genes, 0%
center
5740 mitochondrial 8 out of 431 | DRE2 POT1 CTN1 CYB2 ISA2 ATM1 DLD2 CCE1
envelope genes, 1.9%
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5739

mitochondrion

29 out of 431
genes, 6.7%

EHD3 DRE2 AOX2 HXK1 ARG3 BAT21 LYS4 YHB1 POT1 CPA1
C2_00600C_A ALT1 CTN1 CYB2 HPD1 C1_09440W_A C5_03080C_A
HSP78 C4_04250W_A ATG9 ZCF20 ARGS5,6 ISA2 OSM2 ATM1 DLD2
ECM42 CCE1 ARGS8

genes, 3.9%

5730 nucleolus 1 out of 431 | TERT
genes, 0.2%
5634 nucleus 45 out of 431 | WOR4 C6_03240W_A TERT HXK1 FAR1 WOR2 C4_00030C_A
genes, 10.4% | C1_14190C_A C7_01830W_A C4 07210W_A RAD6 C6_03290W_A
C1_12840W_A CAT8 LYS142 GCN4 UGA33 C2_02300W_A STB5 GAT1
SUC1 INO4 SAS3 C3_05060W_A PPH3 CAP1 GDH3 SET1 ZCF32 HGC1
SEF2 ZCF25 ZCF2 ZCF20 C5_00230C_A RAD52 NBP35 C2_08420W_A
C2_06780C_A PSF1 ZCF4 HMX1 CR_06980W_A C2_00350W _A ELC1
other other 14 out of 431 | C2_01920C_A C1_08140W_A C4 _00080C_A CR _03260W_A HAP2
genes, 3.2% C3_00400C_A PGA17 C4 _02170C_A MET28 PGA7 PGA46 C4_00500W_A
PGA25 C1_02380C_A
5777 peroxisome 17 out of 431 | PXP2 C2_00390C_A POT1 POX1-3 OPT3 POX1 MDH1-3 FOX2 PEX5 ECI1
genes, 3.9% CR_02570C_A ANT1 PEX6 PXA1 FAA21 PXA2 CTN3
5886 plasma 32 out of 431 | NPR1 HGT4 FTH1 TNA1 AOX2 ITR1 DUR3 STE18 C1_01750W_A STE2
membrane genes, 7.4% QDR3 CAG1 OPT3 C6_01520W_A MSO1 LCB4 ROA1 OPT4 SSU1 MEP1
TPO4 GAP2 ARR3 CCC1 FRP3 MEP2 FCY23 HMX1 GPR1 FTR2
C3 02850C_A SSY1
5840 ribosome 1 out of 431 | EHD3
genes, 0.2%
30427 | site of polarized | 2 out of 431 | FAR1 MSO1
growth genes, 0.5%
70732 spindle 0 out of 431 | none
envelope genes, 0%
5773 vacuole 17 out of 431 | FTH1 C3_03690W_A C1_01750W_A PRB1 ROA1 UGA4 C4_00680W_A

TPO4 C2_10870W_A GAP2 C7_03860W A C1_03330C_A C3_05900W A
CCC1ATGY ATG1 AUT7

Table S11. Assignment of the 739 significantly downregulated C. albicans genes
to 27 GO Slim terms under the Cellular Component category.

GOID GO term Frequency Gene list
5938 cell cortex 11 out of 739 | C4 04800W_A GLC7 PFY1 INT1 VRP1 CHC1 SUR7 COF1 KAR2
genes, 1.5% | C2_08160C_A ACT1
5618 cell wall 73 out of 739 | TPI1 MET6 SSB1 C5_02110W_A APE2 HSP12 HEM13 TKL1 TEF2 EFT2
genes, 9.9% | RPL23A TEF1 CRH11 MET15 HWP1 ENG1 GAP1 RPL14 ATP1 ECM331
HWP2 TSA1B INT1 RPS3 RPS6A WH11 ALS4 CYP1 PGA30 PGK1 IPP1
YWP1 EXG2 PDC11 SSR1 C1_02330C_A SOD5 PGA13 BGL2 PST2 SAM2
RPL38 CHT3 FBA1 PHR2 DDR48 TDH3 ADH1 ALS2 HYR1 PRT1 RBE1
TAL1 ALS3 PGA59 GPM1 PGA6 RPS1 SRB1 ENO1 XYL2 CEF3 RPS13
CHT2 PGA31 PGA62 CR_08480C_A KRE1 CDC19 RPS20 CSH1 RPS14B
Scwi1
5933 cellular bud 11 out of 739 | GLC7 WSC2 INT1 VRP1 CHT3 AMN1 FLU1 NCE102 CDC5 C2_05270W_A
genes, 1.5% ACT1
5575 cellular 169 outof 739 | C2_06350C_A C3_04210W_A C1_06620C_A C4_05730W_A C7_04210C_A
component genes, 22.9% | C3_00360W_A C1_02730W_A CAM1-1 C6_02480W_A CR_05210W_A

C2 07420W A  C3.00230C_A  C1_12000C_ A~ C2_04370W_A
C1_10500W A  C1_09040C_ A  C5 01110W_ A  C6_01600W A
C3_01970C_A C5_03040W_A LDG3 GLOT C2_07010W_A C1_07790C_A
GDS1 CFL2 CR_06500C_A C7_01940C_A C2_08530C_A C2_05960C_A
C4 06320C_ A C1_11720W_A  JIP5 C3 06830C_A CR_10200W A
C1_02440C_A C6_00680C_A ERG13 RPS4A NOP4 MRV3 C1_01150C_A
C7_02280W A CDA2 KRE5 C1_07990C_A ASR3 CR_09740W A
C4 03830W A  C5 04480C_A  C6_03110C A  C2_00130W_A
C2 04080W A  CR_09510C_A  C7_02260W A  C4_01030W_A
C1_10850W A RFG1 SPR28 C6_00450C A OSM1 C1_09810W A
C4 01180W A DUT1 C1_13820C_A GUA1 RHD2 C5_00510W A
C3_07690C_ A AAT22 C3_07900C_A C4 07160W_A GAD1 HGH1
C1_10170W_A DAK2 MET3 C1_04270C_A C5 03640W_A C7_01010W_A
MFA1 CR_09330C_A C1_11930W_A C5 01090C_A MVD PTP1 CYS3
CR_06570C_A  C4._03230C_A  C2 03830W A  C2 10130W_A
C1_09500W A CR_10750C_A C4_02620C_A C7_03270W_A PSA2 RPL82
ASR2 OFI1 C1_03580W A C4_01830C_A  HUT1 CR_08500W A
C2 09500W A CR_09940W A PBR1 C6 02490C A TSR2 PRN4
C5 01550C A CR_09060W A  C2 01960C_A  CR_09070C_A
C5_03440W A C1_01510W_A SOU1 AAHT C1_09330W A C1_12180C_A
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C5 02400W A SOU2 C4_06710W A C7 01380W A CR_00530W A
C2_04000C_A KAR4 C3_01640C_A ASR1 C3_01570W_A C4_01220C_A
C3_06880W A MSB1 ROD1 C1_11050W_A USO6 CR_01640C_A BMT4
PMI1 C2 03020C_A C3 05450C_A HAL21 C3 05320W A NAT4
C5_03630C_A C2_00890W_A C1_11990W_A EXO1 C5_03000C_A FRP5
DCG1 C1_11200W_A PWP1 SPE2 MET14 C6_02080W_A C2_00670C_A
C7 02210W A IFD6 C1_11120C_A C4_02260C_A C3_00730W_A
C1_13150W A  CR_02340W_A  C3_00990C A  C1_12300W_A
C3_07980C_A C1_10050W A C6_03880W A C5_00600C_A

5694

chromosome

35 out of 739
genes, 4.7%

C6_02280W_A UTP5 HTA2 C6_02880W_A C6_03380W_A GLC7 TEC1
SP0O22 CYP1 PRI2 C1_04180W_A POL30 REC8 C4_02820W_A NOP1
C4_05230C_A SFL2 YOX1 HHF22 NDT80 HAT1 HTB1 MCD1
C1_14080W_A C1_06760C_A HHT2 PST3 NAN1 CDC5 HHT21 UTP15
SCH9 ACT1 TOS4 DLH1

5737

cytoplasm

304 out of 739
genes, 41.1%

RPS25B C5_01540W_A YCP4 RPL16A TPI1 SOD2 FEN12 YBN5 THST
RPL17B AGP2 SSB1C5_02110W_A ERG6 APE2 LSC1 TIF5 GUS1 RPL19A
RPL25 C4_04390W_A C5_04300C_A HSP12 HEM13 C7_00490C_A RPS42
RPP0 ERG12 CAR2 SSZ1 ERG5 RPL20B C1_09060C_A TEF2 UTP20
RPL29 RPL23A GND1 C2_05300C_A TIF ELF1 HGT7 BFR1 MSS116 LTV1
C4_04800W A TEF1 RPL37B CR_04610C_A TMA19 CR _01410C_A
CR_09140C_A C6_03200W_A LSC2 ERG25 RPL10A C1_13790C_A PGA63
C5 00030W A CR_02690W A ERG10 HGT6  C6_03390W A
C6_02380W A C6_03380W A CR_01780W_A RPL14 GLC7 RPL30 PFK1
ATP1 MAET CR_04120C_A VRG4 RPP2A DRG1 RPL2 ERG1 ARC40
C1_03470C_A YNK1 LAT1 ATP2 ATP3 PUS7 C2_01740C_A RPS27 NRM1
C2_07190C_A C2_09590C_A TSA1B C7_01360C_A C5 02660C_A PFY1
INT1 RPS3 MIR1 C1_06470W_A CAM1 GPD2 RPS6A RPL32 WH11 RNR21
CYP1 C5_03530C_A PWP2 RPP1B RPL9B PGK1 ERF1 C1_02290C A
C3 04810C_A ERG9 RPS12 FAS1 C3_06050C_A C1_01530C_A MNN12
CAR1 YST1 ARC1 RPS19A RIB4 IPP1 ERG11 RPS8A RPL24A SOD1 CYS4
KTI12 CR_07220C_A MET18 TRM1 EFB1 LKH1 RPS22A GLE2 NPL3 CHO1
TUB2 C1_11790W_A RPL3 PDC11 ANB1 SES1 C1_11860W A KRS1
ERV25 ENP1 C1_02330C_A CNS1 RPP2B EGD1 SSH1 CR_02770C_A
ERG4 UBI3 C2_05410W_A RPS9B RPL11 RPL6 PGI1 RPP1A RPL42 SAM2
VRP1 DPM1 RPL38 C4_05230C_A C7_03660C_A C1_02240W_A TIM50
TUB1 RPS23A AMN1 CHC1 FBAT RPL8B PHR2 RNR1 TDH3 GCD6 ERO1
C2_07290W_A RPS21B ADH1 RPL15A TSR1 C6_02370C_A RPL4B SEC14
GUT2 SEN2 HAT1 C1_06890C A FUM11 C6_03730C_A RRP42
C3_01680C_A PFK2 RPL13 C2_05710C_A PRT1 SUR7 NMD3 RPL12 PDI1
C1_08520C_A TAL1 C1_01050C_A C1_00810W_A COF1 URA1 RPL43A
RPL18 GCD7 PMT2 ARX1 MCD1 RPP1 C6_01980C_A ZPR1 KAR2 GPM1
NIP1 ATP8 C7_02660C_A GCN1 EGD2 RPS1 C3_07400W_A TVP18 IDH2
RPL27A GSP1 SRB1 ENO1 FLU1 EMP24 HXK2 RPL5 ZUO1 MRF1
C1_05630C_A STT3 CEF3 NOC4 IDH1 RPS13 SAM50 DPS1-1 TOM20
ERG3 C5_05020C_A C5_03410C_A C6_02690C_A CR_08480C_A RPS5
C7_00830C_A RHR2 PTP3 RPL28 SEC24 PMT1 RPL21A ERG2 RPS28B
CDC19 TFS1 IMH3 RPS21 RPS20 MRPS9 APT1 ASC1 C2_05270W_A
POR1 C7_01600W A PMT4 LEU2 PET9 GDA1 C1_14160W A
C7_02340C_A C1_05720W_A RPL35 CSH1 C2 02410W A RPL39
C2 08160C_A MAM33 MCR1 NIP7 YMC1 URA2 SCH9 SEC61
C1_11920W A ACT1 OST1 C6_02420W A ILV5 TIF3

16023

cytoplasmic,
membrane-
bounded
vesicle

0 out of 739
genes, 0%

none

5856

cytoskeleton

15 out of 739
genes, 2.0%

ENG1 GLC7 ARC40 INT1 CR_07220C_A TUB2 VRP1 C1_02240W_A TUB1
CHC1 COF1 CDC5 ABP140 C2_05270W _A ACT1

12505

endomembrane
system

60 out of 739
genes, 8.1%

ERG28 DPM2 FEN12 AGP2 C5_02110W_A C1_00160C_A ERG6 APE2
SMP3 ERG5 BFR1 LTV1 C4_04800W_A ERG25 PGA63 VRG4 HAS1 ERG1
C4_01660W_A HMG1 CWH8 PRI2 ERG9 MNN12 SEC12 ERG11 TRM1
LKH1 GLE2 CHO1 C1_11860W_A SSH1 ERG4 DPM1 C1_02240W_A CHC1
ERO1 SEC14 PDI1 C1_01050C_A C1_00810W _ A PMT2 KAR2
C5_03550W_A TVP18 EMP24 STT3 ERG3 C5 05020C_A SEC24 PMT1

ERG2 NTF2 PMT4 GDA1 02_02410W_A_ C2_08160C_A SEC61
C1_11920W_A OST1

5783

endoplasmic
reticulum

30 out of 739
genes, 4.1%

FEN12 ERG6 ERG5 BFR1 C4_04800W_A ERG25 ERG1 ERG9 ERG11
C1_11860W_A SSH1 ERG4 DPM1 ERO1 PDI1 C1_00810W_A PMT2 KAR2
EMP24 STT3 ERG3 C5_05020C_A SEC24 PMT1 ERG2 PMT4
C2 _02410W_A C2_08160C_A SEC61 OST1

5576

extracellular
region

84 out of 739
genes, 11.4%

MSB2 TPI1 HPT1 RPL17B MET6 APE2 C5_04300C_A HEM13 RPS42 TKL1
GND1 HGT7 C4_04800W_A TEF1 TMA19 CRH11 HGT6 ENG1 RPS18
YNK1 C4_01800W_A MTS1 PFY1 RPS3 MIR1 CAM1 SPE3 GPD2 ALS4
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CYP1 C2_07630C_A PGK1 CAR1 IPP1 YWP1 SOD1 PDC11 SSR1 SOD5
UBI3 PGI1 BGL2 CHT3 PHR2 TDH3 ERO1 ADH1 ALS2 HYR1 SUR7
C1_03510C_A PDI1 RBE1 TAL1 FET34 PMA1 ALS3 KAR2 GPM1 GCY1
GCN1 RPS1 URA5 FGR41 GSP1 ENO1 LIP6 GAP4 GUK1 PST3 NCE102
CHT2 SAH1 RPS5 GRE3 APT1 ASC1 POR1 LEU2 PET9 C2_08160C_A
SEC61 PHM7 SCW11

5794

Golgi apparatus

7 out of 739
genes, 0.9%

C4_04800W_A VRG4 MNN12 CHC1 SEC14 TVP18 GDA1

1411

hyphal tip

1 out of 739
genes, 0.1%

ACT1

16020

membrane

154 out of 739
genes, 20.8%

PNG2 ERG28 DPM2 FRE10 YCP4 MSB2 C4_05330C_A RPL16A PGA53
FEN12 AGP2 CR_01630C_A SSB1 C5_02110W_A ERG6 OPT5 SMP3 TKL1
C4_02720C_A ERG5 MUP1 C1_09060C_A TEF2 EFT2 ELF1 HGT7 BFR1
LTV1 C4_04800W_A TEF1 CR_ 0461OC A CRH11 ERG25 PGA63 HGT10
HGT6 HGT12 C6_03390W_A GAP1ATP1VRG4 ERG1C1_03470C_A ATP2
ECM331 ATP3 MTS1 AQY1 HMG1 PFY1 MIR1 C2_05290C_A
C5_03530C_A CWH8 C7_01950W_A PGK1 ERG9 PTR22 C3_06050C_A
SEC12 YST1 HXT5 ERG11 GSL2 EXG2 TRM1 CHO1 ERG24 PDC11 FCY2
C1_11860W_A SSR1 ERV25 HGT19 SSH1 ERG4 RPL6 PST2 SAM2 DPM1
C3_01540W_A TIM50 CHC1 FBA1 PHR2 TDH3 HSP31 HSP30 ERO1 ADH1
HGT13 RPL4B SEC14 GUT2 SEN2 HYR1 C3_01680C_A CNT SUR7
C1_03510C_A FET34 PMA1 C1_01050C_A SLP2 C1_00810W_A
CR_01220W_A URA1 MSS4 PMT2 KAR2 ATP8 FGR2 TVP18 GSP1 SRB1
ENO1 FLU1 EMP24 HXK2 GAP4 STT3 CEF3 PST3 SAM50 NCE102
CR_03580C_A TOM20 ERG3 C5_05020C_A ALP1 ERG251 RPS5 SEC24
PMT1 CDC19 TFS1 C2_10010C_A C7_00630C_A POR1 C7_01600W_A
PMT4 PET9 GDA1 C2_02410W_A HGT8 C2_08160C_A MCR1 URA2 SCH9
SEC61 C1_11920W_A ACT1 PHM7 OST1

5624

membrane
fraction

0 out of 739
genes, 0%

none

5815

microtubule
organizing
center

3 out of 739
genes, 0.4%

GLC7 TUB2 CDC5

5740

mitochondrial
envelope

28 out of 739
genes, 3.8%

C1_09060C_A HGT6 C6_03390W_A ATP1 YNK1 ATP2 ATP3 MIR1 CYP1
C5_03530C_A C3_06050C_A RIB4 SOD1 CHO1 TIM50 GUT2 SEN2
C3 01680C_A URA1 GPM1 ATP8 HXK2 SAM50 TOM20 PORT1
C7_01600W_A PET9 MCR1

5739

mitochondrion

75 out of 739
genes, 10.1%

TPI1 SOD2 LSC1 GUS1 C1_09060C_A TEF2 C2_05300C_A MSS116 TEF1
TMA19 CR_09140C_A C6_03200W_A LSC2 C1_13790C_A C5_00030W_A
HGT6 C6_03390W_A C6_02380W_A PFK1 ATP1 MAE1 CR_04120C_A
YNK1 LAT1 ATP2 ATP3 C2_01740C_A C2_07190C_A C2_09590C_A
C7_01360C_A MIR1 CYP1 (C5_03530C_A PGK1 C1_02290C_A
C3_06050C_A RIB4 SOD1 TRM1 CHO1 PGI1 TIM50 FBA1 TDH3 ADH1
C6_02370C_A GUT2 SEN2 FUM11 C6_03730C_A C3_01680C_A PFK2
C1_08520C_A URA1 MCD1 C6_01980C_A GPM1 ATP8 IDH2 ENO1 HXK2
MRF1 IDH1 SAM50 TOM20 C5_03410C_A MRPS9 POR1 C7_01600W_A
PET9 MAM33 MCR1 YMC1 C6_02420W_A ILV5

5730

nucleolus

87 out of 739
genes, 11.8%

UTP5 GART1 RRN3 RPL7 C1_07660W A C4 05330C_A ENP2 RPF2
CR_10410C_A RPC19 CR_10470C_A NOP15 C7_03850W_A CIC1 UTP20
C1_10880W_A NOG2 RCL1 NSA1 C2_01070W A UTP18 C4_06210C_A
GLC7 DBP8 RPC40 HAS1 SRP40 LHP1 RLP24 CSI2 UTP13 PES1 PWP2
C3_05160C_A C3_04380C_A C2_02540W_A UTP21 CR_04170W_A KRR1
NOP14 UTP22 RRS1 DIP2 NOP5 ENP1 YTM1 RPA34 NOP1 RPO26 SPB1
C2_04570W_A TSR1 C2_04120C_A MRT4 IMP4 SIK1 RPA135 RRP9 ARX1
RPP1 C1_14080W A C1_03790C_A C6_01890C_A C6_01040C_A
C3 02040C_ A C3 02020W_A NOP8 DBP7 RPA190 ZUO1 NOC4
C1_04040C_A NAN1 C4_05010W_A NOC2 RPS28B C1_10620W_A UTP4
ERB1 CR_02030C_A C2_09660W_A UTP15 C1_12680W_A C3_06370C_A
DBP3 MAK21 SSF1

5634

nucleus

197 out of 739
genes, 26.7%

C6 022860W A UTP5 GAR1 C2 02930C A RRN3 RPL7 PCL1
C1_07660W A C4 05330C_ A ENP2 MET6 RPF2 CR_10410C_A
C5_02110W_A C1_00160C_A RPC19 RMS1 HSP12 CR_10470C_A NOP15
C7_03850W A CIC1 UTP20 MED1 RPL23A C1_10880W_A NOG2 RCL1
HTA2 LTV1 C7_01030C_A CR_01410C_A  NSA1 C6_02880W A
C2 01070W_A C2 09180W_A SUT1 UTP18 C6_03380W_A C4_06210C_A
GLC7 DBP8 TEC1 RPC40 HAS1 C4_01660W A C1_03470C_A PUS7
SRP40 NRM1 SPO22 TSA1B HMG1 LHP1 CAM1 RLP24 MDN1 CSI2 UTP13
RNR21 CYP1 PES1 PWP2 C3_05160C_A C7_01950W_A C3_04380C_A
PRI2 GZF3 C1_04180W_A C2 02540W_A C3 01560W A UTP21
CR_04170W_A KRR1 NOP14 UTP22 SOD1 POL30 KTI12 RRS1
CR_07220C_A C2_05860C_A TRM1 GLE2 NPL3 REC8 C1_11790W_A
CR_04160C_A PDC11 NRG1 C6_02350C_A C4_02820W A SDA1 DIP2
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NOP5 ENP1 YTM1 RPA34 NOP1 RPO26 CR_02770C_A RHAT
C4_05230C_A SPB1 SFL2 C1_02240W_A YOX1 TUB1 RPS23A AMN1
PHR2 HHF22 C2_04570W_A SSN6 TSR1 NDT80 SEC14 SEN2 PTP2 HAT1
C2 04120C_ A RRP42 HTB1 MRT4 IMP4 CR_04110W A TAL1
C7_02100W A SIK1 MSS4 RPA135 CLN3 RRP9 ARX1 MCD1 RPP1
C1_14080W A ZPR1 KAR2 C1_03790C_A C6_01890C_A C5_03550W_A
C6_01040C_A C1_06760C_A C3_02040C_A C3_02020W_A NOP8 GSP1
HHT2 DBP7 ENO1 RPA190 HXK2 C1_10970W_A ZUOT C1_05630C_A
NOC4 DPS1-1 C6_02690C_A C1_04040C_A NAN1 CDC5 C4_05010W A
PTP3 RPL28 HMT1 DBP2 ZCF3 NOC2 ZCF31 C3_00100W A RPS28B
NTF2 C2 05270W_ A C1_10620W A UTP4 C4 07150W A ERB1
C1_14160W A HHT21 CR_02030C_A C7_02340C A C2 09660W A
UTP15 C1_12680W A  KRE30 ~ C3 06370C_A  CR_04300W A
C2_08160C_A NIP7 DBP3 SCH9 ACT1 MAK21 SSF1 TOS4 DLH1

other

other

28 out of 739
genes, 3.8%

C4_00940W_A UAP1 C1_12570C_A PGA23 PIL1 RPS10 RBRT1
C4_05250W_A PGA58 PGA12 PGA34 URA7 PGA54 C2_07620W_A PGA26
C3_06760W_A MIH1 PGA18 DIM1 C5_04940W_A MSI3 C4_04810C_A
DRS1 HCA4 PGA11 CR_04240C_A C6_01420C_A PGA38

5777

peroxisome

1 out of 739
genes, 0.1%

GND1

5886

plasma
membrane

90 out of 739
genes, 12.2%

PNG2 FRE10 YCP4 MSB2 PGA53 AGP2 SSB1 C5_02110W_A ERG6 OPT5
TKL1 C4_02720C_A ERG5 MUP1 EFT2 ELF1 HGT7 CRH11 ERG25 HGT10
HGT6 HGT12 C6_03390W_A GAP1ATP1 ERG1ATP2 ECM331 ATP3 MTS1
AQY1 HMG1 PFY1 MIR1 PGK1 ERGY9 PTR22 ERG11 GSL2 EXG2 PDC11
SSR1ERV25HGT19 SSH1 PST2 SAM2 DPM1 C3_01540W_A TIM50 CHC1
FBA1 PHR2 TDH3 HSP30 ADH1 HGT13 GUT2 HYR1 CNT SUR7 FET34
PMA1 MSS4 PMT2 SRB1 ENO1 FLU1 EMP24 GAP4 STT3 CEF3 PST3
SAM50 NCE102 TOM20 ERG3 ALP1 ERG251 PMT1 CDC19 C2_10010C_A
POR1 PMT4 PET9 C2_02410W_A HGT8 SEC61 PHM7 OST1

5840

ribosome

98 out of 739
genes, 13.3%

RPS25B C5 01540W A RPL16A RPL17B RPS15 RPL19A RPL25
C4 04390W A RPS42 RPPO RPL20B CIC1 EFT2 RPL29 RPL23A
C2_05300C_A RPL37B RPL10A C5 00030W A RPL14 RPS18 RPL30
RPP2A RPL2 C2_01740C_A RPS27 C2_07190C_A RPS3 C1_06470W _A
RPS6A RPL32 RPP1B RPL9B RPS12 RPS17B YST1 RPS19A RPS8A
RPL24A RPS30 EFB1 RPS22A RPL3 C1_02330C_A RPP2B EGD1 UBI3
C2 05410W A RPS9B RPL11 RPL6 RPP1A RPL42 RPL38 RPS26A
RPS23A RPL8B RPS21B RPL15A C6_02370C_A RPL4B C1_06890C_A
C6_03730C_A RPL13 C2_05710C_A RPL12 C1_08520C_A RPL43A RPL18
C6_01980C_A RPL40B GCN1 EGD2 RPS1 RPL27A RPS24 RPL5 ZUO1
CEF3 RPS13 C1_03620C_A C5_03410C_A C2_05160C_A CR_08480C_A
RPS7A RPS5 RPL28 RPL21A RPS28B RPS21 RPS20 MRPS9 ASC1
RPS16A C1_05720W_A RPL35 RPL39 RPS14B

30427

site of polarized
growth

14 out of 739
genes, 1.9%

MSB2 ENG1 GLC7 WSC2 PFY1 INT1 VRP1 CHT3 PHR2 MSS4 NCE102
CDC5 C2_05270W_A ACT1

70732

spindle
envelope

0 out of 739
genes, 0%

none

5773

vacuole

14 out of 739
genes, 1.9%

AGP2 APE2 TEF2HGT7 LTV1 TEF1 CR_04610C_A LKH1 ENO1 FLU1 TFS1
YMC1 SCH9 SEC61
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KEGG pathways

Table S12. Assignment of the 431 significantly upregulated C. albicans genes to
the top 20 most highly enriched KEGG pathways.

KEGG . No. of No. of Enrichment | Corrected
Gene list genes in | genes in .
pathway h . ratio P-value
input list | pathway
alpha-Linolenic POX1-3, POX1, POT1, FOX3, PXP2 5 7 0.714 1.07x10™
acid metabolism
Arginine ARGS8, GDH3, ARG1, ARG3, ARG4, 9 16 0.563 5.34x10"
biosynthesis ARGS5, DUR1, ECM42, ALT1
beta-Alanine HPD1, EHD3, ALD6, UGA11, PXP2, 11 21 0.524 6.95x10
metabolism POX1-3, UGA1, AMO2, POX1, FOX2,
AMO1
Propanoate HPD1, EHD3, ALD6, UGA11, PXP2, 9 19 0.474 1.38x10%
metabolism POX1-3, UGA1, POX1, FOX2
Valine, leucine | HPD1, EHD3, BAT21, ALD6, UGA11, 8 18 0.444 6.65x10"
and isoleucine | POT1, UGA1, FOX3
degradation
Biosynthesis of | POX1-3, POX1, POT1, FOX3, PXP2 5 14 0.357 1.07x10%
unsaturated
fatty acids
Alanine, GDH3, GLT1, ARG1, UGA11, CPA1, 9 27 0.333 8.20x10™®
aspartate and | ARG4, UGA1, CPA2, ALT1
glutamate
metabolism
Lysine ARQOS8, LYS4, LYS22, HOM3 4 12 0.333 4.72x10%
biosynthesis
ABC PXA2, ATM1, PXA1, CDR11 4 12 0.333 4.72x10%
transporters
Fatty acid | PXP2, POX1-3, ECI1, POT1, FOXS3, 8 25 0.320 3.79x10™
degradation FAA21, FAA2-3, POX1
2-Oxocarboxylic | ARG8, BAT21, AROS8, LYS22, ARGS, 10 32 0.313 4.72x10%
acid metabolism | LEU42, ECM42, HOM3, LYS4, ALT1
Histidine HIS4, HIS5, HIS7, HIS3 4 13 0.308 5.72x10%
metabolism
Peroxisome POT1, PEX5, PEX6, CTN3, PXP2, 14 48 0.292 1.37x10"”
PXA2, POX1-3, ECI1, CTN1, FOX3,
FAA21, FAA2-3, POX1, PXA1
Phenylalanine AROS8, AMO2, AMO1, HIS5 4 16 0.250 9.81x10™
metabolism
Nitrogen GLT1, GDH3 2 8 0.250 8.58x10™
metabolism
Valine, leucine | CHA1, LEU42, BAT21 3 13 0.231 3.31x10™
and isoleucine
biosynthesis
Fatty acid | POX1, PXP2, POX1-3, POT1, FOXS3, 7 31 0.226 7.54x10™
metabolism FAA2-3, FAA21
Vitamin B6 | SNZ1, SNO1 2 9 0.222 9.60x10™
metabolism
Tyrosine AROS8, AMO2, AMO1, HIS5 4 19 0.211 1.52x10%
metabolism
Phenylalanine, ARQOS8, HIS5, ARO3, TRP4 4 19 0.211 1.52x10%
tyrosine and
tryptophan
biosynthesis
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Table S13. Assignment of the 739 significantly downregulated C. albicans genes
to the top 20 most highly enriched KEGG pathways.

No. of

No. of

other terpenoid-
quinone
biosynthesis

KEGG . . . Enrichment | Corrected
Gene list genes in | genes in .
pathway h . ratio P-value
input list | pathway
Ribosome RPS13, RPS12, RPL16A, RPS10, 74 119 0.622 3.06x10™**
RPL5, RPS30, RPS15, RPS17B,
RPL6, RPL7, RPL40B, RPS18, RPL2,
RPL3, RPL9B, RPS5, RPS3, RPL8B,
RPS1, RPL42, RPS24, RPS25B,
RPL29, RPL23A, RPL25 RPS21,
RPS19A, RPS23A, RPL82, RPS42,
RPS9B, RPP2A, RPP2B, RPL20B,
RPL27A, RPS4A, RPS14B, RPL24A,
RPS22A, RPL17B, RPS16A, RPS26A,
RPL43A, UBI3, RPS27, RPL19A,
RPL14, RPPO, RPL11, RPL12, RPL13,
RPL37B, RPL18, RPL32, RPL28,
YST1, RPS21B, RPS6A, RPS20,
RPS28B, RPL38, RPL39, RLP24,
RPL35, MRPS9, RPL4B, RPL30,
RPP1A, RPL10A, RPP1B, RPST7A,
RPL21A, RPL15A, RPS8A
Steroid ERG4, ERG5, ERG6, ERG1, ERG2, 11 18 0.611 3.80x10”
biosynthesis ERG3, ERG11, ERGY, ERG251,
ERG25, ERG24
Mannose type O- | PMT4, PMT1, PMT2 3 5 0.600 7.52x10%
glycan
biosynthesis
Fructose and | FBA1, TPI1, PFK1, PFK2, SOUT, 11 21 0.524 8.70x10™
mannose DAK2, SOU2, PSA2, HXK2, PMI1,
metabolism SRB1
Glycolysis / | ADH1, CDC19, LAT1, FBA1, PG, 14 40 0.350 1.87x10™
Gluconeogenesis | HXK2, PFK2, PFK1, PDC11, ENO1,
TPI1, GPM1, TDH3, PGK1
Pentose TAL1, FBA1, GND1, PFK2, TKL1, 7 21 0.333 2.02x10™%
phosphate PGI1, PFK1
pathway
Selenocompound | MET3, MET6, CYS3 3 9 0.333 1.71x10™"
metabolism
Other types of O- | PMT4, PMT1, PMT2 3 9 0.333 1.71x10™"
glycan
biosynthesis
Methane FBA1, PFK2, PFK1, ENO1, DAK2, 6 20 0.300 4.89x10™
metabolism GPM1
Amino sugar and | CDA2, UAP1, PSA2, MCR1, PG, 10 35 0.286 8.85x10™
nucleotide sugar | CHT3, CHT2, HXK2, PMI1, SRB1
metabolism
Ribosome MDN1, UTP5, UTP4, SIK1, IMP4, 21 76 0.276 5.07x10%
biogenesis in | NOP1, RCL1, DIP2, NOP5, NOP4,
eukaryotes PWP2, UTP13, GSP1, UTP22, NOG2,
UTP21, NAN1, NMD3, RPP1, UTP18,
GAR1
Pyrimidine RNR21, URA7, URA5, URA2, URA1, 8 30 0.267 3.05x10%
metabolism DUT1, YNK1, RNR1
Sulfur MET3, MET14, MET15, HAL21 4 15 0.267 1.62x10™"
metabolism
Terpenoid MVD, ERG12, ERG13, ERG10, HMG1 5 19 0.263 1.11x10™"
backbone
biosynthesis
Carbon LAT1, HXK2, TKL1, MAE1, TPI1, 25 98 0.255 2.99x10™
metabolism TDH3, LSC2, FUM11, FBA1, CDC19,
PGI1, DAK2, AAT22, GND1, PGK1,
TAL1, MET15, LSC1, IDH2, IDH1,
PFK2, PFK1, ENO1, GPM1, ERG10
Ubiquinone and | YCP4, PST3, PST2 3 12 0.250 2.70x10™
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Biosynthesis of | ERG4, ERG5, ERG6, CDC19, LAT1, 49 206 0.238 5.48x10™
antibiotics ERG1, ERG2, ERG3, HXK2, ERGY,

TKL1, PMI1, TPI1, TAL1, TDH3, CYS4,

HMG1, CYS3, FUM11, FBA1, CAR?2,

CAR1, PGI1, ERG25, ERG24, YNK1,

AAT22, GND1, PGK1, LSC2, MET15,

LSC1, ILV5, IDH2, IDH1, UAP1, PFK2,

PFK1, ENO1, MVD, MET3, ADH1,

ERG251, PDC11, GPM1, ERG12,

ERG13, ERG10, ERG11
Purine RNR21, MET3, MET14, IMH3, CDC19, 12 52 0.231 1.31x10™”
metabolism HPT1, APT1, GUK1, GUA1, YNK1,

RNR1, AAH1
Butanoate GAD1, ERG10, ERG13 3 13 0.231 2.94x10™"
metabolism
Citrate cycle | LSC2, LSC1, IDH2, IDH1, LAT1, 6 27 0.222 1.17x10™"
(TCA cycle) FUM11
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IV. C. ALBICANS SIGNIFICANT DEGsS: RESPONSE TO P. AERUGINOSA IN

MEROPENEM-TREATED BIOFILMS

Biological Process

Table S14. Assignment of the 380 significantly upregulated C. albicans genes to
40 GO Slim terms under the Biological Process category.

homeostasis

genes, 2.6%

GOID GO term Frequency Gene list
42710 biofilm formation | 7 out of 380 | STE2 GCN4 UGA33 SUC1 ZFU2 PGA7 SAP6
genes, 1.8%
44419 biological process | 14 out of 380 | APS3 DUR1,2 HGT4 HXK1 YHB1 GAT1 FOX2 CAP1 HSP21 SET1 PGA7
involved in genes, 3.7% SAP6 SAP4 ICL1
interspecies
interaction
between
organisms
8150 biological_process | 150 outof 380 | C1_00010W_A GTT13 C1_01220C_A C1_11320C_A C2_08440W_A
genes, 39.5% | C6_02450W_A C4_03950C_A C6_03600C_A C3_02900W_A
C6_02620C_A C3 .05290C_A C4_04620C_A C6_00730W_A
C3_.00050C_A C4_01970W_A C1_01840C_A C1_12900W_A
C7_03470W_A C1_00020C_A C5_03970W_A MOH1 C4_02930W_A
C5_03870C_A C3_05750C_A C5_00750C_A C3.03700C_A
C1_02270C_A OP4 C1_11570W_A C7_03280C_A CR_02480W_A
C1_09310C_A CZ_08510W_A C3 04720C_A PEX22 (C4_00080C_A
CR_04220C_A C4_06670W_A C7_00260C_A C7_02920W_A CS099
C2_08330W_A C3_04650W_A C6_03150C_A BLP1 C1_01140C_A
C6_01620W_A C1_00580W_A FRP2  BUL1 CR_07740W_A
CR_08830W_A CR _09610C_A C1_13430C_A C1_01630W_A PGA17
C3 04630W_A C1_14180W_A C1_12870C_A CR_10310W_A BIO32
C4_04380C_A POX18 Cc2_ 08260W A C3.02990C_A C7_00770W_A
C1_00030C_A CIRT4B C7_02140W_A C1_09700W_A C1_05440C_A
C3 01420C_A C1_00050C_A CR_05040W_A PEX17 CR_ 06310WA
ATO9 BMT9 GST1 C3 04450C_A C1_05690C_A C3 02090C_A
C3 03370C_A GTT1 C3_07720C_A CR_04860C_A C1_13090W_A
C2_10870W_A C4_01350W_A C2_04400W_A C3_05060W_A
C3 02660W_A TES1 C5 04980W_A C1_13100W_A CR_06020W_A
CR_04990C_A C2_08690C_A C6_03280W_A C4_03960W_A
C1_09770W_A C7_03820C_A C1_13180W_A HRQ2 IFK2 C2_02390W_A
SMI1B C2_09800C_A C3_ 01060W A C1_09340C_A CR_04850C_A
CR_02060W_A PSO2 (C3 04840C_A (C4_07020C_A C4_00640W_A
C1_06870C_A C1_09300C_A C3_06040W_A C4_06940C_A
C2 _06630C_A IFR1 C1_11260C_A C4_05800C_A C6_03530C_A
CR_05750W_A C1_14020W_A C7_03740C_A C1_00190C_A
C6_03670C_A AGA1 C1_03970W_A C6_01940W_A CR_ 07700W A
C4_03710C_A CR_06270W_A C1_01610C_A CR_08850W_A PGA46
C3 01270W_A C1_10060C_A C2_04830W_A TES15  ASG7
C3 04330C_A C3 02630C_A PGA25 MRV2 CR_06770C_A
C3 04190W_A
5975 carbohydrate 14 out of 380 | HXK1 C1_14190C_A MDH1-3 SCW4 C2_10150W_A SUC1 FOX2 MNN41
metabolic process | genes, 3.7% HSP21 MLS1 INO1 PYC2 ARA1 ICL1
7155 cell adhesion 1 out of 380 | STE2
genes, 0.3%
7114 cell budding 1 out of 380 | C3_00400C_A
genes, 0.3%
7049 cell cycle 11 out of 380 | FAR1 C4_00030C_A C1_14190C_A RAD6 MSO1 KIN3 PPH3 CAP1 SET1
genes, 2.9% CR_04820W_A PSF1
48468 cell development | 3 out of 380 | MSO71 SET1 CR_04820W_A
genes, 0.8%
71555 cell wall 1 out of 380 | RBR2
organization genes, 0.3%
19725 cellular 10 out of 380 | HGT4 HXK1 C1_14190C_A C3_03760W_A CRD2 C2_00600C_A AMO1

CCC1 FRP1 HMX1
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6464

cellular protein

17 out of 380

NPR1 C1_03270W_A RAD6 PDK2 RER2 C1_00860W_A KIN3 PPH3

modification genes, 4.5% MNN41 SET1 C1_03330C_A C6_02160W_A APG7 C2_06780C_A ATG1
process CEK2 PRR2
45333 | cellular respiration | 5 out of 380 | AOX2 CM_00250W MDH1-3 CTN1 C1_09440W_A
genes, 1.3%
746 conjugation 3 out of 380 | STE2 C7_03860W_A CEK2
genes, 0.8%
910 cytokinesis 0 out of 380 | none
genes, 0%
7010 cytoskeleton 2 out of 380 | KIN3 C2_06780C_A
organization genes, 0.5%
6259 DNA metabolic 10 out of 380 | C4_00030C_A RAD6 CM_00250W RAD16 C4_04180C_A PPH3 SET1
process genes, 2.6% C2_08420W_A PSF1 CCE1
30447 filamentous 28 out of 380 | HGT4 C6_03240W_A HXK1 WOR2 C1_14190C_A RAD6 YHB1
growth genes, 7.4% CR_03260W_A CAT8 GCN4 GLT1 STB5 CHA1 BUD20 SSU1 FGR15
ECI1 HSP21 GDH3 SET1 CCC1 ZFU2 C1_03870C_A MEP2
C5_05510C_A CEK2 CTN3 SSY1
6091 generation of 10 out of 380 | HGT4 AOX2 HXK1 C1_14190C_A CM_00250W MDH1-3 CTN1 HPD1
precursor genes, 2.6% C1_09440W_A C3_02850C_A
metabolites and
energy
70783 growth of 5 out of 380 | WOR2 CAT8 GLT1 GDH3 MEP2
unicellular genes, 1.3%
organism as a
thread of attached
cells
30448 hyphal growth 1 out of 380 | HXK1
genes, 0.3%
6629 lipid metabolic 24 out of 380 | C6_03240W_A PXP2 C2_01920C_A C3_03760W_A POT1 POX1-3 LCB4
process genes, 6.3% POX1 C3_00400C_A RER2 MDH1-3 SFC1 FOX2 C4_04180C_A PEX5
ECI1 CR_02570C_A ANT1 PEX6 MLS1 INO1 FAA21 C3_02850C A ICL1
6997 nucleus 0 out of 380 | none
organization genes, 0%
6996 organelle 20 out of 380 | C4_00030C_A RAD6 RAD16 C1_00860W_A KIN3 PEX5 SET1 ANT1
organization genes, 5.3% C7_03860W_A C1_12150C_A C1_03330C_A PEX6 HSP78 YPT53 ATG9
APG7 C2_06780C_A ATG1 CCE1 AUT7
other other 49 out of 380 | EHD3 GBU1 ATO5 ARG3 C2_00390C_A BAT21 ARO3 ARG4
genes, 12.9% | C1_04460C_A LYS4 HIS7 CR_03690W_A C3_05360C_A ATF1 FAA2-3
SOD6 HIS3 CPA1 C1_02970W_A UGA1 HOM3 C7_02010C_A
C1_01620C_A GCV1 C1 05160C_A C4_02230C_A FOX3 UGA11
C3 04350C_A C4_02170C_A C2_09070C_A CYB2 CR_04230W_A CPA2
ALD6 MET13 LYS22 CR_04870C_A C5 _00230C_A ARO8 GOR1
C4_00290C_A LEU42 ARG1 DLD2 ECM42 IFG3 CR_06980W_A ARG8
9405 pathogenesis 0 out of 380 | none
genes, 0%
30163 protein catabolic | 8 out of 380 | C71_03990W_A RAD6 PRB1 UBC8 RAD16 C7_03860W_A SAP6 SAP4
process genes, 2.1%
6457 protein folding 3 out of 380 | HSP78 OSM2 C1_02380C_A
genes, 0.8%
7124 pseudohyphal 1 out of 380 | MEP2
growth genes, 0.3%
50789 regulation of 49 out of 380 | NPR1 HGT4 DRE2 C4_02770C_A HXK1 FAR1 WOR2 C4_00030C_A
biological process | genes, 12.9% | C1_14190C_A RAD6 STE18 C6_03290W_A STE2 PDK2 CAT8 HAP2
LCB4 GCN4 UBC8 UGA33 STB5 KIN3 GAT1 ARF1 SUC1 C2_00640W_A
FGR15 PPH3 CAP1 SNO1 SET1 MET28 ZCF32 YPT53 SEF2 ZFU2
ZCF25 ZCF20 ARGS5,6 SAP6 MEP2 C2 _09870W_A ZCF4 SUAT72
C6_03320W_A AUT7 C1_02380C_A SAP4 SSY1
42221 response to 40 out of 380 | HGT4 C2_05060C_A C2_01920C_A FAR1 C1_03990W_A C1_14190C_A
chemical genes, 10.5% | RAD6 YHB1 STE18 STE2 PDK2 CAT8 CIP1 HAP2 GCN4 C2_07070W_A
ROA1 ALT1 STB5 GAT1 ARF1 HIS5 TPO4 PPH3 CAP1 HSP21 AMO2
C1_03330C_A SEF2 ZCF20 C1_00830W_A CDR11 C6_01870C_A
C2_06780C_A HMX1 C6_03320W_A AUT7 PRR2 C3_02850C_A SSY1
42493 response todrug | 9 out of 380 | C1_14190C_A PDK2 ROA1 ALT1 PPH3 CAP1 AMO2 C1_00830W_A
genes, 2.4% PRR2
6950 response to stress | 40 out of 380 | HGT4 C2_05060C_A RBR2 C1_06860W_A C1_03270W_A C4_00030C_A

genes, 10.5%

RAD6 YHB1 GPX2 CIP1 GCN4 RAD16 C2_07070W_A STB5 GAT1 ARF1
BUD20 SSU1 MEP1 FGR15 C4_04180C_A PPH3 CAP1 HSP21 SET1
C7_03860W_A  C1_03330C_A HSP78 ZCF20 C1_03870C_A
C2_08420W_A MEP2 C2_09870W_A PSF1 FRP1 C5_05510C_A CEK2
HMX1 C6_03320W_A AUT7
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42254 ribosome 0 out of 380 | none
biogenesis genes, 0%
16070 RNA metabolic 11 out of 380 | C6_02790C_A RAD6 CAT8 C2_02300W_A STB5 SUC1 C3_02750W_A
process genes, 2.9% ZCF25 C1_08660C_A NBP35 SUA72
7165 signal 13 out of 380 | HGT4 FAR1 STE18 STE2 LCB4 KIN3 ARF1 PPH3 YPT53 MEP2
transduction genes, 3.4% C6_03320W_A AUT7 C1_02380C_A
6412 translation 0 out of 380 | none
genes, 0%
6810 transport 66 out of 380 | NPR1 APS3 HGT4 FTH1 HXK1 ITR1 C3_03690W_A C6_03540W_A
genes, 17.4% | DUR3 YHB5 YHB1 C7_01510W_A C2_07580W_A MSO1 RER2 GNP3
GPT1 XUT1 ROA1 C1_00860W_A OPT4 UGA4 ARF1 AAP1 OPTS8
C4_00680W_A SFC1 SSU1 MEP1 TPO4 GAP2 PEX5 C3_07430W_A
GIT2 ARR3 C5_03080C_A PTR2 ANT1 C4_06910W_A C1_03330C_A
PEX6 YPT53 CCC1 C4_04250W_A ATG9 FRP3 PXA1 C1_ 00830W A
CDR11 C6_01870C_A YHB4 C1_03870C_A CAN3 APG7 MEP2 FRP1
ATM1 FCY23 ATG1 C1_06980C_A C2_02230C_A PXA2 AUT7 FTR2
C1._02380C_A SSY1
32196 transposition 0 out of 380 | none
genes, 0%
16192 vesicle-mediated | 5 out of 380 | APS3 FTH1 MSO1 RER2 AUT7
transport genes, 1.3%
6766 vitamin metabolic | 4 out of 380 | C4_02040W_A SNO1 ISA2 SNZ1
process genes, 1.1%

Table S15. Assignment of the 615 significantly downregulated C. albicans genes
to 40 GO Slim terms under the Biological Process category.

GOID

GO term

Frequency

Gene list

42710

biofilm formation

26 out of 615
genes, 4.2%

CZF1 CRZ2 C1_00160C_A C7_00490C_A CR_01410C_A HWP1 TEC1
AQY1 WH11 YWP1 MFA1 NRG1 PGA26 C2_07290W_A NDT80 PBR1
ALS2 ALS3 PMT2 RHR2 PMT1 C3_06700C_A PMT4 IFD6 ALS9 CSH1

44419

biological process
involved in
interspecies
interaction
between
organisms

54 out of 615
genes, 8.8%

YCP4 TPI1 MET6 SSB1 TEF1 TCC1 RIM101 HWP1 TEC1 MTS1 TSA1
INT1 RFG1 ALS4 WH11 PES1 ZCF21 PGK1 NAG3 SOD1 YWP1 ERG24
NRG1 MIG2 WAL1 PGA26 SOD5 PST2 SFL2 FBA1 PHR2 TDH3 SSN6
NDT80ALS2 RBE1FET34 ALS3 GPM1MSB1 ENO1PST3NCE102 ERG3
RHR2 PMT1 CDC19 ASC1 PMT4 LEU2 RBT1 ALS9 CSH1 SCH9

8150

biological_process

106 out of 615
genes, 17.2%

C3_00360W A
C3_00230C_A
C4_06700W A
CR_06500C_A
C1_11720W_A
RPS4A MRV3
C2_00130W_A
C7_01950W A
C5_00510W A
C1_10170W_A

RPS25B C1_02730W_A CR_05210W_A PGA53
C1_12000C_A CR_05150W_A C5 01110W_A LDG3
C2 09910C_ A  C1.07790C_A  C2 05300C_A
C7 01940C_ A  C2_05960C_ A  C4_06320C_A
CR_10200W A C2_03880C_A C6_00680C A AHP2
C7_02280W A ECM331 C1_07990C A ASR3 PGA58
MRV5  C7_02260W A ~ C1_10850W_A  PGA12
OSM1  C1_09810W A C1_13820C_A PGA34
CR_03000C_A C3_07900C_A C1_05520W_A RPL24A
C3 05990C A C1.04270C A  C7_01010W_A
CR_09330C_A C1_11930W_A C3_01180C_A C5 01090C A PGA54
CR_06570C_A  C4_03300C_A  C2 10130W_A  CR_09460C A
C7_03270W_A C3_01540W_A ASR2 C6_02490C_A PRN4 C4_06750C_A
PGA18 C5 01550C_A C2 01960C_A CR_09070C_A C5_03440W A
C3 07880C_ A  C1_01510W A  C1_09330W A  C1_03240W A
C1_03510C_A C1_12180C_A C4 06710W_A SLP2 C7_01380W A
RPL18 ASR1 PGA6 C3_06880W A ROD1 C1_11050W_A USO6 XYL2
C2 03020C_A C3 05450C_A C1_11990W A C5 03000C_A FRP5
C3_02790W A C4_00730C_A C1_11200W A C1_13460W A PGA11
C2 10010C_ A  C2 00670C_ A ~ C7_02210W_A  C1_07010W_A
C2_08030W A C3 02160C_A C6_01420C_A C1_13150W A PGA38
C6_04140C A

5975

carbohydrate
metabolic process

42 out of 615
genes, 6.8%

GLK4 TPI1 GND1 CRH11 GLK1 PFK1 KRE5 GPD2 PGK1 GSL2 DAK2
EXG2 C4_02620C_A PGI1 CHT3 FBA1 PHR2 TDH3 GUT2 PFK2 SOU1
TAL1T KAR2 GPM1 GCY1 C3_01570W_A C4_01220C_A ENO1 HXK2
BMT4 PMI1 HAL21 CHT2 RHR2 GRE3 KRE1 CDC19 LEU2 C3_06860C_A
C3 01820W_A SCH9 SCW11

7155

cell adhesion

19 out of 615
genes, 3.1%

C5_02110W_A HWP1 TEC1 INT1 ALS4 NRG1 SFL2 TDH3 PBR1 ALS2
AAH1 ALS3 MSB1 RHR2 PMT1 ASC1 ALS9 CSH1 C4_02260C_A

7114

cell budding

4 out of 615
genes, 0.7%

INT1 VRP1 CLN3 C4_07150W_A
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7049

cell cycle

45 out of 615
genes, 7.3%

C6_02280W_A C7_03850W_A BFR1 CR_09140C_A RIM101 GLC7
ARC40 AQY1 MSC7 PFY1 INT1 CYP1 C1_10350C_A POL30
C1_11860W_A C4_02820W_A CR_02770C_A CCN1 C4_05230C_A
VRP1 SAM2 YOX1 TUB1 CHT3 AMN1 HHF22 NDT80 ESC4 MIH1 SEC14
COF1 MSS4 CLN3 MCD1 ZPR1 C1_03790C_A GCN1 C1_06760C_A
HHT2 MSH6 CDC5 EXO1 C4_07150W_A HTA3 C1_00090W_A

48468 cell development | 10 out of 615 | RIM101 GLC7 AQY1 CYP1 NRG1 PGI1 SEC14 MSS4 C1_00090W_A
genes, 1.6% SCH9
71555 cell wall 22 out of 615 | MSB2 CRH11 HWP1 ENG1 WSC2 KRE5 TSA1B TSA1 SOD1 SSR1
organization genes, 3.6% PGA26 PGA13 PHR2 PGA59 PMT2 PMI1 PGA31 PGA62 PMT1 PMT4
RBT1 C1_00090W A
19725 cellular 16 out of 615 | GLK4 RIM101 GLK1 GLC7 PFK1 C2_09590C_A TSA1B TSA1 SOD1 PFK2
homeostasis genes, 2.6% FET34 PMA1 ALS3 HXK2 POR1 C4 _07150W A
6464 cellular protein 43 out of 615 | PNG2 DPM2 C4_00940W_A C1_09040C_A RMS1 SMP3 C7_00490C_A
modification genes, 7% BFR1 GLC7 VRG4 C1_ 0764OC A KRE5 C4_05250W_A CYP1 CWHS8
process MNN12 PTP1 ANB1 NOP1 CR_02770C_A UBI3 DPM1 HHF22
C2_07290W_A MIH1 PTP2 HAT1 PDI1 C5_02400W_A PMT2 SRB1 PMI1
STT3 NAT4 CDC5 PTP3 HMT1 PMT1 PMT4 GDA1 C1_14160W_A SCH9
OST1
45333 cellular respiration | 8 out of 615 | LSC2 FUM11 IDH2 MRF1 IDH1 C3_06700C_A MRPS9 MAM33
genes, 1.3%
746 conjugation 5 out of 615 | ENG1 PFY1 MFA1 KAR2 ASC1
genes, 0.8%
910 cytokinesis 8 out of 615 | GLC7 ARC40 PFY1INT1 VRP1 CHT3 COF1 C4_07150W_A
genes, 1.3%
7010 cytoskeleton 18 out of 615 | TEF2 TEF1 CR_02690W_A GLC7 ARC40 PFY1 INT1 WAL1 VRP1 TUB1
organization genes, 2.9% CHC1C2 07290W A SEC14 COF1 MSS4 NCE102 CDC5 C2 06770W A
6259 DNA metabolic 22 out of 615 | C7_03850W_A HTA2 CR_09140C_A C6_03380W_A GLC7 ADAEC MSC7
process genes, 3.6% TSA1 C3_04810C_A C7_02420C_A POL30 C4_02820W_A
C4 03230C ADDR48 ESC4 HAT1HTB1 MCD1 HHT2 MSH6 CDC5 EXO1
30447 filamentous 74 out of 615 | CZF1 MSB2 RPL16A TPI1 SSB1 C2_05640W_A ERG5 C1_10880W_A
growth genes, 12.0% | TCC1 RIM101 GRF10 HGT12 ERG13 TEC1 VRG4 DRG1 ARC40 KRE5
MTS1 TSA1B TSA1 INT1 CSI2 RFG1 ALS4 PES1 GZF3 SOD1 CHO1
ERG24 NRG1 FCY2 PTP1 WAL1 DIP2 NOP5 PGA26 YTM1 PGA13 CCN1
RPL6 PGI1 VRP1 SFL2 PHR2 DDR48 RNR1 C2_07290W_A SSN6 NDT80
ESC4 ALS2 FET34 ALS3 PGA59 MSS4 CLN3 PMT2 FGR41 ENO1 PMI1
ERG3 CHT2 CDC5PMT1ZCF3 NOC2CDC19 C3_06700C_A ASC1PMT4
GDA1C1 11120C_A SCH9
6091 generation of 25 out of 615 | TPI1 TKL1 GND1LSC2 GLK1 PFK1 ATP2 PGK1 PDC11 PGI1 FBA1 TDH3
precursor genes, 4.1% FUM11 PFK2 TAL1 GPM1 IDH2 ENO1 HXK2 MRF1 IDH1 CDC19
metabolites and C3_06700C_A MRPS9 MAM33
energy
70783 growth of 6 out of 615 | TEC1 PTP1 SFL2 MSS4 ZCF3 ASC1
unicellular genes, 1%
organism as a
thread of attached
cells
30448 hyphal growth 10 out of 615 | VRG4 ALS4 CCN1 PGI1 NDT80 ALS2 CLN3 PMT2 PMI1 PMT4
genes, 1.6%
6629 lipid metabolic 33 out of 615 | ERG28 DPM2 LIP3 FEN12 ERG6 SMP3 ERG5 ERG10 ERG13 MTS1
process genes, 5.4% HMG1 CWH8 PLB4.5 ERG9 FAS1 URA7 LKH1 CHO1 ERG24 MVD ERG4
DPM1 C1_02240W_A SEC14 C1_01050C_A MSS4 LIP6 HAL21 ERG3
SAH1 ERG251 ERG2 MCR1
6997 nucleus 5 out of 615 | C4_04800W_A PGA63 C1_02240W_A KAR2 GSP1
organization genes, 0.8%
6996 organelle 112 outof 615 | C5_01540W_A C4 _05330C_A RPF2 C1_09040C_A RPL25 RPPO

organization

genes, 18.2%

C1_09060C_A TEF2 CIC1 HTA2 BFRf1 LTv1 C4_04800W_A TEF1
CR_09140C_A CR_01410C_A JIP5 PGA63 GRF10 CR_02690W_A
UTP18 C6_02380W_A C6_03380W_A GLC7 NOP4 ARC40 RPS27 MSC7
C7_01360C_A PFY1 INT1 CSI2 CYP1 PWP2 C1_04180W_A
C3 _04810C_A C2_02540W_A RPS17B YST1 C3_01560W_A UTP22
POL30 RRS1 GLE2 RPL3 C1_11860W_A WAL1 C4_02820W_A IST2
YTM1 NOP1 CR_02770C_A UBI3 RPL6 C4_05230C_A VRP1
C1_02240W_A RPS26A TUB1 CHC1 PHR2 HHF22 C2_04570W_A
C2_07290W_A SSN6 TSR1 SEC14 HAT1 HTB1 RPL12 PMA1 COF1
MSS4 CLN3 MCD1 KAR2 C1_03790C_A NHP6A C5_03550W_A
C1_06760C_A C3_02040C_A HHT2 GSP1 RPA190 FLU1 DHH1 EMP24
RPL5 C5_02780W_A SAM50 NCE102 NAT4 C6_02690C_A
C2_05160C_A MSH6 DRS1 CDC5 EXO1 C4_05010W_A SEC24 NOC2
RPS28B POR1 C7_01600W_A ERB1 HTA3 HHT21 C2_06770W_A NIP7
RPS14B ILV5 SSF1
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other

other

28 out of 615
genes, 4.6%

C7_04210C_A C6_02480W_A C2_07420W_A LSC1 C5_04300C_A GLOT
HEM13 MET15 C1_13790C_A ARO4 MAE1 LAT1 RNR21 DUT1 GUAT
AAT22 IPP1 MET3 C1_11790W_A PSA2 C4_01830C_A C7_02100W_A
URA1 GUK1 DCG1 APT1 MET14 C6_03880W A

9405

pathogenesis

0 out of 615
genes, 0%

none

30163

protein catabolic
process

8 out of 615
genes, 1.3%

CIC1 LKH1 AMN1 PDI1 PMT2 KAR2 PMT1 SEC61

6457

protein folding

13 out of 615
genes, 2.1%

SSB1SSZ1 CR_02690W_A C7_01360C_A TSA1 CYP1 HGH1 GLX3 PDI1
KAR2 C1_03790C_A ZUO1 C1_10820C_A

7124

pseudohyphal
growth

3 out of 615
genes, 0.5%

TEC1 PTP1 SFL2

50789

regulation of
biological process

153 out of 615
genes, 24.9%

CZF1 C6_02280W_A UTP5 YCP4 MSB2 C4_05330C_A TPI1
C4_00940W_A MET6 CRZ2 SSB1 C5_02110W_A C1_12570C_A
C1_09040C_A RMS1 HSP12 EFT2 TIF HTA2 BFR1 TMA19 TCC1 RIM101
GRF10 PIL1 C6_03380W_A GLC7 RPL30 ADAEC TEC1 C2_02530W_A
WSC2 DRG1 ARC40 NRM1 TSA1B PFY1 TSA1 CAM1 RFG1 CYP1 PES1
ZCF21 GZF3 PGK1 C3_04810C_A SEC12 CAR1 C1_10350C_A RGS2
SOD1 POL30 CYS4 KTI12 EFB1 GLE2 CHO1 MFA1 NRG1 PDC11 PTP1
MIG2 CYS3 ANB1 C1_11860W_A WAL1 C2_07620W_A PGA26 IST2
CR_02770C_A PGA13 CCN1 RPS9B RHA1 PST2 C4_05230C_A VRP1
SFL2 C1_02240W_A OFI1 YOX1 TUB1 AMN1 FBA1 PHR2 HHF22 TDH3
GCD6 SSN6 NDT80 ESC4 MIH1 SEC14 PTP2 HAT1 HTB1 MRT4 AAH1
PMA1 COF1 MSS4 CLN3 PMT2 RPP1 ZPR1 KAR2 C1_03790C_A GCN1
C5_03550W_A MSB1 C1_06760C_A C3_02040C_A HHT2 GSP1 ENO1
DHH1 HXK2 C1_05630C_A PST3 C5_02780W_A NCE102 C3_05320W_A
NAT4 C6_02690C_A C2_05160C_A MSH6 NAN1 CDC5 EXOf1
C7_00830C_A PTP3 HMT1 DBP2 PMT1 ZCF3 RPS28B CDC19 TFS1
RPS21 ASC1 POR1 PMT4 UTP4 C4_07150W_A GDA1 HTA3 HHT21
C2_06770W_A C3_00730W_A MAM33 URA2 SCH9 TOS4

42221

response to
chemical

103 out of 615
genes, 16.7%

UTP5 GAR1 YCP4 MSB2 SOD2 RPL17B RPF2 CRZ2 OPT1
C5_02110W_A ERG6 CAR2 C7_03850W_A EFT2 GND1 PGA23 HGT7
LTV1 TMA19 RIM101 HGT12 GLC7 ERG13 NOP4 TEC1 KRE5 NRM1
AQY1 TSA1BHMG1 C7_01360C_A TSA1RLP24 RFG1PES1 GZF3 FAS1
GAD1 NAG3 NOP14 UTP22 SOD1 DAK2 RRS1 CHO1 ERG24 MFA1
NRG1 FCY2 MIG2 C1_11860W_A SSR1 DIP2 PGA26 SOD5 RPO26
CCN1 PST2 C4_05230C_A TUB1 GLX3 C7_01430C_A DDR48 SSN6
NDT80 SEN2 HAT1 MRT4 CNT PRT1 PDI1 FET34 CR_01220W_A CLN3
RRP9 PMT2 KAR2 GCY1 C1_06760C_A FLU1 PST3 C3_05320W_A
ERG3 PGA31 PGA62 DRS1 CDC5 C1_10820C_A C4_05010W_A RHR2
GRE3 PMT1 ZCF3 NOC2 ERG2 PMT4 ERB1 C3_06860C_A ALS9 KRE30
MCR1 SCH9 SEC61

42493

response to drug

59 out of 615
genes, 9.6%

UTP5 GAR1 RPL17B RPF2 OPT1 ERG6 CAR2 C7_03850W_A EFT2
PGA23 HGT7 RIM101 ERG13 NOP4 KRE5 HMG1 RLP24 PES1 GZF3
FAS1NAG3 NOP14 UTP22 RRS1 ERG24 NRG1 MIG2 SSR1 DIP2 RPO26
CCN1 C4_05230C_A TUB1 C7_01430C_A SSN6 NDT80 SEN2 MRT4
CNT PRT1 CR_01220W_A CLN3 RRP9 PMT2 GCY1 C1_06760C_A
ERG3 PGA31 PGA62 DRS1 C1_10820C_A C4_05010W_A PMT1 ZCF3
NOC2 ERG2 PMT4 ERB1 KRE30

6950

response to stress

93 out of 615
genes, 15.1%

CZF1YCP4 MSB2 RPL16A TPI1 MET6 CRZ2 SSB1 C5_02110W_A RMS1
HSP12 ERG5 C1_10880W_A GND1 HTA2 LTV1 C4_04800W_A TMA19
RIM101 PIL1 HGT12 GLC7 ERG13 ADAEC TEC1 WSC2 ARC40 KRE5
YNK1 AQY1 TSA1B C7_01360C_A TSA1 CSI2 RFG1 WH11 PES1 GZF3
C3_04810C_A GAD1 SOD1 POL30 CHO1 NRG1 FCY2 WAL1 DIP2
PGA26 SOD5 YTM1 RPL6 PST2 VRP1 GLX3 DDR48 RNR1 NDT80 ESC4
HAT1 HTB1 PDI1 FET34 PMT2 MCD1 ZPR1 KAR2 GCY1 GCNf1
C5_03550W_A HHT2 FGR41 PST3 HAL21 C3_05320W_A CHT2 MSH6
CDC5 EXO1 RHR2 GRE3 PMT1 NOC2 CDC19 ASC1 HHT21
C3 06860C_A ALS9 C1_11120C_A WSC4 MCR1 SCH9 SEC61 TOS4

42254

ribosome
biogenesis

109 out of 615
genes, 17.7%

UTP5 GAR1 C5_01540W_A C1_07660W_A C4_05330C_A RPL17B RPF2
CR_10410C_A SSB1 C1_09040C_A RPS15 RPL25 RPPO SSZ1
C7_03850W_A CIC1 C1_ 10880W A LTVl C7_01030C_A RPL37B
CR_01410C_A JIP5 RPL10A NSA1 UTP18 C6_02380W_A RPS18 RPL30
RPS10 NOP4 PUS7 RPS27 CR_09740W_A RLP24 RPS6A CSI2 PES1
PWP2 C2_02540W_A RPS17B YST1 C3_01560W_A RPS19A UTP21
NOP14 RPS8A UTP22 RRS1 RPL3 NUP159 WAL1 DIP2 NOP5 YTM1
NOP1 UBI3 C3_06760W_A RPS9B RPL6 C4_05230C_A RPS26A RPL8B
C2_04570W_A CR_08500W_A RPS21B TSR1 TSR2 MRT4 NMD3 RPL12
CR_04110W_A SIK1 RRP9 ARX1 RPP1 RPS1 DIM1 C1_06760C_A
C3_02040C_A RPS24 GSP1 RPA190 FLU1 RPL5 ZUO1 RPS13
C2_05160C_A DRS1 NAN1 RPS7A C4_05010W_A RPS5 DBP2 NOC2
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RPS28B PWP1 RPS21 RPS20 RPS16A UTP4 ERB1 C1_05720W_A
KRE30 RPL35 CR_04240C_A NIP7 DBP3 RPS14B SSF1

16070

RNA metabolic
process

109 out of 615
genes, 17.7%

UTP5 GART1 C5 01540W_A RRN3 C1_07660W A C4_05330C A
C4_00940W A THS1 RPL17B RPF2 CR_10410C_A SSB1 C1_12570C_A
RPC19 GUS1 SSZ1 C7_03850W_A CIC1 C1_10880W_A C7_01030C_A
RPL37B UTP18 C6_02380W_A RPS18 RPL30 NOP4 C1_01150C_A
PUS7 RPS27 CR_09740W_A LHP1 RPS6A CSI2 PES1 PWP2
C2_07630C_A C2_02540W_A C1_01530C_A YST1 ARC1 C3_01560W A
UTP21 NOP14 RPS8A UTP22 KTI12 RRS1 TRM1 RPL3 C6_02350C_A
KRS1 DIP2 NOP5 NOP1 RPO26 UBI3 C3_06760W A RPS9B
C4 05230C_ A RPL8B HHF22 C2 04570W A GCD6 RPS21B
C2_09500W A TSR1 TSR2 SEN2 MRT4 CR_04110W_A SIK1 RRP9
RPP1 C7_02660C_A RPS1 NHP6A DIM1 C1_06760C_A C3_02040C_A
RPS24 HHT2 GSP1 RPA190 DHH1 ZUO1 RPS13 DPS1-1 C6_02690C_A
DRS1 NANT C7_00830C_A DBP2 RPS28B C3_00100W_A PWP1 RPS20
RPS16A UTP4 ERB1 HTA3 C7_02340C_A C1_05720W_A RPL35
CR_04240C_A C3_00730W_A NIP7 DBP3 RPS14B SSF1

7165

signal
transduction

14 out of 615
genes, 2.3%

MSB2 RIM101 WSC2 C3_04810C_A RGS2 C1_11860W_A MSS4 KAR2
GCN1 GSP1 C3_05320W_A CDC5 ASC1 SCH9

6412

translation

90 out of 615
genes, 14.6%

C2_02930C_A C5_01540W_A CAM1-1 RPL16A THS1 RPL17B SSB1
GUS1 RPS15 RPL19A RPL25 C7_00490C_A RPP0 SSZ1 RPL20B TEF2
CIC1 EFT2 RPL29 RPL23A TIF RPL37B TEF1 TMA19 RPL10A
C5_00030W_A RPL14 RPS18 RPL30 RPP2A DRG1 RPL2 RPS27
C2_07190C_A C5_02660C_A CAM1 RPS6A RPL32 RPP1B
C3_04810C_A RPS12 RPS17B C1_01530C_A YST1 ARC1 RPS19A
RPS8A EFB1 RPS22A RPL3 ANB1 KRS1 UBI3 RPS9B C2_05410W_A
RPL6 RPL42 RPL38 RPS26A GCD6 RPS21B RPL15A RPL4B
C1_06890C_A RPL13 PRT1 RPL12 RPL43A C6_01980C_A RPL40B
RPS1 RPL27A RPS24 RPL5 ZUO1 CEF3 RPS13 DPS1-1 RPS7A RPS5
RPL28 RPL21A RPS28B RPS21 RPS20 MRPS9 RPS16A C1_05720W_A
RPL35 RPS14B

6810

transport

106 out of 615
genes, 17.2%

FRE10 ATP19 FEN12 OPT1 CR_01630C_A SSB1 APE2 RPS15 TEF2
HGT7 LTV1 NUP TEF1 CR_04610C_A RPL10A PGA63 PIL1 HGT10
BUD7 HGT6 HGT12 GLK1 RPS18 ATP1 RPS10 VRG4 ATP2 AQY1
C2_09590C_A C7_01360C_A PFY1 C2_05290C_A PTR22 YST1 RPS19A
NAG3 HXT5 UTP22 RRS1 CR_07220C_A C4_06680C_A LKH1 GLE2
NUP159 FCY2 WAL1 HGT19 ERP5 C7_02000C_A EGD1 VRP1
C1_02240W_A RPS26A TUB1 CHC1 FBA1 TDH3 HSP31 HSP30
CR_08500W_A HGT13 SEC14 MRT4 C3_01680C_A ATP5 CNT NMD3
RBE1FET34 PMA1ALS3 COF1 CR_01220W_A PMT2 ARX1 KAR2 EGD2
C5_03550W_A C3_02040C_A GSP1 FLU1 EMP24 HXK2 GAP4 ZUO1
C1_05630C_A SAM50 NCE102 CR_03580C_A ALP1 RPS5 HMT1 SEC24
PMT1 RPS28B RPS21 C7_00630C_A POR1 C7_01600W_A KRE30
C2 _02410W_A WSC4 HGT8 YMC1 SEC61 C1_11920W_A

32196

transposition

0 out of 615
genes, 0%

none

16192

vesicle-mediated
transport

14 out of 615
genes, 2.3%

FEN12 PGA63 PIL1 BUD7 C4_06680C_A WAL1 VRP1 CHC1 SEC14
ALS3 COF1 EMP24 SEC24 C1_11920W_A

6766

vitamin metabolic
process

4 out of 615
genes, 0.7%

SPE3 RIB4 HMT1 SPE2

Molecular Function

Table S16. Assignment of the 380 significantly upregulated C. albicans genes to
25 GO Slim terms under the Molecular Function category.

genes, 11.6%

GOID GO term Frequency Gene list
3677 DNA binding 20 out of 380 | C2_05060C_A C4_04620C_A C1_03270W_A C4_00030C_A RAD6
genes, 5.3% CM_00250W CAT8 HAP2 GCN4 RAD16 STB5 GAT1 CIRT4B SUC1
CAP1 MET28 ZCF25 ZCF20 PYC2 C2_08420W_A
30234 enzyme regulator 5 out of 380 | C1_01840C_A FART C1_14190C_A MNN41 C1_14020W_A
activity genes, 1.3%
4386 helicase activity 2 out of 380 | RAD6 RAD16
genes, 0.5%
16787 hydrolase activity 44 out of 380 | DUR1,2 EHD3 C2_01920C_A GBU1 RBR2 C5_00750C_A RAD6

CM_00250W HIS7 CR_03690W_A C3_05360C_A C7_02920W A
PRB1 C3_00400C_A RAD16 C1_05160C_A ROA1 SCW4 ARF1
C3 02750W A C4 02170C_ A _PPH3 "C3 07430W A SNO1
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C1_09440W A CR_02570C_A C4_06910W_A C7_03860W_A PEX6
PS02 HSP78 YPT53 C5_00230C_A PXA1 CDR11 FAA21 NBP35
C2_08420W A SAP6 ATM1 PXA2 CCE1 SNZ1 SAP4

16853 isomerase activity 2 out of 380 | ECI1INO1
genes, 0.5%
16874 ligase activity 10 out of 380 | DUR1,2 RAD6 C7_02920W_A CPA1 UBC8 CPA2 PYC2 FAA21
genes, 2.6% APG7 ARG1
8289 lipid binding 4 out of 380 | POX18 C3_01420C_A C1_03330C_A AUT7
genes, 1.1%
16829 lyase activity 9 out of 380 | C2_00390C_A ARG4 LYS4 HIS3 C1_02970W_A CHA1 FOX2 SNZ1
genes, 2.4% ICL1
3674 molecular_function 149 out of 380 | C1_00010W_A APS3 C1_01220C_A C1_11320C_A C2_08440W_A
genes, 39.2% | C6_02450W _A C4 03950C_A C3_02900W_A C6_02620C_A
C6_00730W_A C3 .00050C_A C4_01970W_A C1_12900W_A
C7_03470W_A C1_00020C_A C1_06860W_A ATO5 C5_03970W_A
MOH1 C4_02930W_A C5_03870C_A C3_05750C_A C3_03700C_A
C6_02790C_A C1_02270C_A OP4 C1_11570W_A C7_03280C_A
CR_02480W_A C1_09310C_A C2_08510W_A C3_04720C_A
PEX22 C4_00080C_A CR_03260W_A CR_04220C_A
C4_06670W_A C7_00260C_A CS099 C2_08330W_A
C3 04650W_A CIP1 C6_03150C_A BLP1 C1_01140C_A MSOf1
C1_00580W_A BUL1 CR_07740W_A CR_08830W_A
CR_09610C_A C1_13430C_A C1_01630W_A PGA17
C3 04630W_A GNP3 C1_14180W_A C1_12870C_A
CR_10310W_A (C4_04380C_A (C2_08260W_A C2_02300W_A
C3 .02990C_A AAP1 C7_00770W_A C1_00030C_A C7_02140W_A
C1_09700W_A C1_05440C_A C1_00050C_A CR_05040W_A
PEX17 BUD20 ATO9 GST1 C(C3.04450C_A C1_05690C_A
C3.02090C_A C3_03370C_A GTT1 C3_07720C_A CR 04860C_A
C1_13090W_A C2_10870W_A C4_04180C_A C4 _01350W_A
C2_04400W_A C3_05060W_A C3_02660W_A TES1 C5_04980W_A
C1_13100W_A CR_06020W_A CR_04990C_A HSP21
C2 08690C_A C6_03280W_A C4_03960W_A C1_09770W_A
C7_03820C_A C1_13180W_A HRQ2 IFK2 C2_02390W_A SMI1B
C2 _09800C_A C3 01060W_A C1_12150C_A C1_09340C_A
CR_04850C_A CR_02060W_A C3_04840C_A (C4_07020C_A
C4_00640W_A C1_06870C_A ATG9 C4_06940C_A C2_06630C_A
C1_11260C_A C4_05800C_A C6_03530C_A CR_05750W_A
CR_04820W_A C7_03740C_A CAN3 C1_00190C_A C6_03670C_A
C2 _09870W_A AGA1 PSF1 C5_05510C_A C1_03970W_A
C6_01940W_A CR_07700W_A (C4 03710C_A CR_06270W_A
C1_01610C_A CR_08850W_A PGA46 C3 01270W_A
C1_10060C_A C2_04830W_A TES15 ASG7 C3_04330C_A
C3 02630C_A PGA25 MRV2 C3_04190W _A
3774 motor activity 0 out of 380 | none
genes, 0%
16779 nucleotidyltransferase | 0 out of 380 | none
activity genes, 0%
other other 26 out of 380 | C4 02770C_A WOR2 C1_03990W_A STE2 FAA2-3 CRD2
genes, 6.8% C6_01620W_A C2_00600C_A UGA33 C2_10150W_A
C2_00640W_A FGR15 PEX5 ZCF32 C1_09300C_A C3_06040W_A
SEF2 ZFU2 PGA7 C1_0387OC_A ZCF4 C2_02230C_A
C6_03320W_A CR_06980W_A C1_02380C_A SSY1
16491 oxidoreductase 45 out of 380 | GTT13 C6_03240W_A C2_05060C_A C6_03600C_A DRE2 PXP2
activity genes, 11.8% | AOX2 YHB5 C1_04460C_A CM_00250W YHB1 GPX2 POX1-3
SOD6 C7_02010C_A FRP2 POX1 C1_01620C_A C2_07070W_A
MDH1-3 GCV1 GLT1 C4_02230C_A C4_02040W_A C3_04350C_A
AMO1 FOX2 CYB2 HPD1 GDH3 ALD6 AMO2 MET13 CR_04870C_A
IFR1 ARG5,6 GOR1 YHB4 C4_00290C_A OSM2 FRP1 DLD2 HMX1
IFG3 ARA1
8233 peptidase activity 5 out of 380 | C3_05360C_A PRB1 C7_03860W_A SAP6 SAP4
genes, 1.3%
16791 phosphatase activity | 3 out of 380 | C5 00750C_A PPH3 C3_07430W_A
genes, 0.8%
5515 protein binding 9 out of 380 | STE18 C6_03290W_A PRB1 GCN4 MET28 C7_03860W_A PEX6
genes, 2.4% HSP78 SUA72
4672 protein kinase activity | 7 out of 380 | NPR1 PDK2 KIN3 C6_02160W_A ATG1 CEK2 PRR2
genes, 1.8%
3723 RNA binding 7 out of 380 | C3.05290C_A POT1 C2_07070W_A MDH1-3 C3_02750W_A SET1
genes, 1.8% C1_08660C_A
4871 signal transducer 0 out of 380 | none
activity genes, 0%
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5198 structural molecule 3 out of 380 | EHD3 RBR2 ISA2
activity genes, 0.8%
988 transcription factor 0 out of 380 | none
activity, protein genes, 0%
binding
16740 transferase activity 50 out of 380 | NPR1 GTT13 HXK1 ARG3 BAT21 ARO3 RAD6 C3_03760W_A HIS7
genes, 13.2% | ATF1 POT1 PDK2 UGA1 HOM3 LCB4 C3_00400C_A UBC8 RAD16
RER2 C2_07070W_A GCV1BIO32ALT1C1_00860W_A KIN3 CTN1
FOX3 CR_06310W_A HIS5 UGA11 "BMT9 C2_09070C_A
CR_04230W_A SET1 LYS22 C6_02160W_A IFR1 MLS1 AROS8
ARG5,6 LEU42 C2_06780C_A ATG1 CEK2 ECM42 CTN3 PRR2
ARG8 CR_06770C_A C3_02850C_A
45182 translation regulator 0 out of 380 | none
activity genes, 0%
5215 transporter activity 40 out of 380 | HGT4 FTH1 |ITR1 C3 03690W_A C6_03540W_A DUR3
genes, 10.5% | CM_00250W C7_01510W_A C2_07580W_A GPT1 XUT1 ROA1
OPT4 UGA4 OPT8 C4_00680W_A SFC1 SSU1 MEP1 TPO4 GAP2
GIT2 ARR3 C5 03080C_A PTR2 ANT1 C4_06910W_A CCC1
C4_04250W_A FRP3 PXA1 C1_00830W_A CDR11 C6_01870C_A
MEP2 ATM1 FCY23 C1_06980C_A PXA2 FTR2
30533 triplet codon-amino 0 out of 380 | none
acid adaptor activity genes, 0%

Table S17. Assignment of the 615 significantly downregulated C. albicans genes
to 25 GO Slim terms under the Molecular Function category.

genes, 26.0%

GOID GO term Frequency Gene list
3677 DNA binding 36 out of 615 | CZF1 RRN3 C1_00160C_A C2_05640W_A HTA2 RIM101 GRF10
genes, 5.9% ADAEC TEC1 C2_02530W_A RFG1 ZCF21 C1_13820C_A GZF3
C1_04180W_A C3_04810C_A POL30 NRG1 C4_02820W_A RPO26
SFL2 YOX1 HHF22 NDT80 HTB1 C7_02100W_A NHP6A HHT2
RPA190 C5 02780W A MSH6 CDC5 EXO1 HTA3 HHT21 ILV5
30234 enzyme regulator 21 out of 615 | DPM2 C4_05330C_A PFY1 TSA1 CAM1 RLP24 SEC12 CAR1 ARC1
activity genes, 3.4% RGS2 POL30 EFB1 NUP159 C2_07620W_A CCN1 GCD6 CLN3
GCN1TFS1ASC1C1 _11920W A
4386 helicase activity 8 out of 615 | TIF C6_02380W_A CR_09740W_A C3_01560W_A DHH1 DRS1
genes, 1.3% DBP2 DBP3
16787 hydrolase activity 63 out of 615 | PNG2 LIP3 C4_00940W_A C2_07420W_A SSB1 APE2
genes, 10.2% | C1_12570C_A C5_04300C_A SSZ1 TEF2 EFT2 TIF TEF1 CRH11
ENG1 C6_02380W_A GLC7 ATP1 ATP2 CR_09740W_A
C5_02660C_A CWH8 C7_01950W_A DUT1 PLB4.5 CAR1
C3_01560W_A IPP1 EXG2 LKH1 PTP1 TUB1 C4_01830C_A CHT3
PHR2 DDR48 MIH1 SEN2 PTP2 AAH1 PMA1 C5_02400W_A RPP1
KAR2 C4_01220C_A GSP1 LIP6 DHH1 CEF3 HAL21 CHT2 SAH1
MSH6 DRS1 C1_10820C_A EXO1 RHR2 PTP3 DBP2 GDA1 KRE30
C3 01820W_A DBP3
16853 isomerase activity 12 out of 615 | GAR1 TPI1 PUS7 CYP1 C6_02350C A PGI1 PDI1 GPM1
genes, 2% C1_03790C_A PMI1 DCG1 ERG2
16874 ligase activity 14 out of 615 | THS?1 LSC1 GUS1 LSC2 ATP1 ATP2 GUA1 C1_01530C_A URA7
genes, 2.3% KRS1 CR 02770C A ATP5 DPS1-1 URA2
8289 lipid binding 10 out of 615 | C5_02110W_A PIL1 PFY1 CAM1 ARC1 IST2 RBE1 MSS4 EGD2
genes, 1.6% TFS1
16829 lyase activity 12 out of 615 | GLO1 FAS1 GAD1 CYS4 PDC11 MVD CYS3 GLX3 FBA1 FUM11
genes, 2% ENO1 SPE2
3674 molecular_function 160 out of 615 | C3_00360W_A UTP5 C2_02930C_A C1_02730W_A C1_07660W_A

CAM1-1  ATP19 CR_05210W A ~ PGA53  C3 00230C_A
C1_12000C_ A C5 01110W_A LDG3 HSP12 C4_06700W A
C2_09910C_A C1_07790C_A C1_09060C_A PGA23 CR_06500C_A
LTV1 C4_04800W A C7_01030C_A C7_01940C_A CR_04610C_A
C2 05960C_ A  C4_06320C_A  C1_11720W_A TMA19
CR_09140C_A TCC1 CR_01410C_A JIP5 NSA1 C1_13790C_A
CR_10200W_A UTP18 C2_03880C_A C6_00680C_A RPS10 MRV3
C7_02280W A ECM331 C1_07990C_A ASR3 NRM1 PGA58
C2_00130W_A MRV5 C7_02260W A C1_10850W_A ALS4 WH11
C2_05290C_A PGA12 PWP2 C2_07630C_A PGA34 C5_00510W _A
CR_03000C_A C3_07900C_A  C1_10350C_A C1_05520W A
UTP21 C1_10170W_A UTP22 YWP1 C4_06680C_A C1_04270C_A
GLE2 C7_01010W A C1_11930W_A C3_01180C_A C5_01090C_A
PGA54 CR_06570C_A C4_03230C_A NOP5 C4_03300C_A ERP5

318



PGA26 C2_10130W_A YTM1 PGA13 C3_06760W_A CR_09460C_A
C7_03270W A C3 01540W A ASR2 RPL8B C7_01430C_A
C2_04570W A ESC4 C6_02490C_A PBR1 TSR2 ALS2 PRN4
C4_06750C_ A PGA18 C5 01550C_A C2 01960C_A MRT4
C3_01680C_A CR_09070C_A C5 03440W A C3_07880C_A
C1_01510W A C1_09330W A C1_03240W A C1_03510C_A
C1_12180C_A PGA59 SLP2 SIK1 C7_01380W_A RPL18 ARX1
ASR1 PGA6 C7_02660C_A C3_06880W A MSB1 ROD1 FGR41
EMP24 USO6 C2 03020C_A C3_05450C_A NCE102 PGA31
PGA62 C1_11990W A C4_05010W_A C5_03000C_A FRP5
C3 02790W A C4_00730C_ A KRE1 NOC2 C1_11200W_A
C1_13460W A PWP1 PGA11 C3 06700C_A C2 10010C_A
C2_00670C_A C7_00630C_A C7_02210W_A UTP4 C1_07010W_A
RBT1 C2_08030W_A C1_11120C_A C2_02410W_A C4_02260C_A
C1_00090W A C1_13150W A PGA38 C6_04140C_A

3774 motor activity 0 out of 615 | none
genes, 0%
16779 nucleotidyltransferase | 8 out of 615 | RPC19 C7_02420C_A MET3 RPO26 PSA2 GCD6 SRB1 RPA190
activity genes, 1.3%
other other 29 out of 615 | ERG28 MSB2 CRZ2 C7_03850W_A WSC2 DRG1 C1_09810W_A
genes, 4.7% KTI12 C3_05990C_A CR _09330C_A MIG2 RHA1 C4_05230C_A
OFI1 TSR1 C1_06760C_A C1_11050W_A ZUO1 C1_05630C_A
C3 05320W_A SEC24 ZCF3 C3_00100W_A C7_01600W_A
C4_07150W_A ALS9 C3_02160C_A TOS4 SCW11
16491 oxidoreductase 51 out of 615 | FRE10 YCP4 C6_02480W_A SOD2 HEM13 ERG5 GND1 AHP2
activity genes, 8.3% MAE1 LAT1 MSC7 TSA1B HMG1 TSA1 GPD2 RNR21 OSM1 FAS1
SOD1 ERG24 SOD5 ERG4 PST2 RNR1 TDH3 C2_07290W_A
C2 _09500W_A GUT2 SOU1 PDI1 FET34 C1_01050C_A
C4_06710W_A URA1 GCY1 IDH2 XYL2 MRF1 PST3 IDH1 ERG3
ERG251 GRE3 LEU2 IFD6 C3_06860C_A CSH1 C6_01420C_A
MCR1 ILV5 C6_03880W_A
8233 peptidase activity 6 out of 615 | APE2 C5_04300C_A C5 02660C_A C7_01950W_A LKH1
genes, 1% C1_10820C_A
16791 phosphatase activity | 8 out of 615 | C2_07420W_A GLC7 PTP1 MIH1 PTP2 HAL21 RHR2 PTP3
genes, 1.3%
5515 protein binding 53 out of 615 | C6_02280W_A RRN3 CR_10410C_A SSB1 SSZ1 TEF2 EFT2 HTA2
genes, 8.6% TEF1 HWP1 CR_02690W_A BUD7 ARC40 TSA1B C7_01360C_A
PFY1 TSA1INT1 GPD2 PGK1 C1_04180W_A HGH1 CR_07220C_A
MFA1 C1_11860W_A WAL1 EGD1 VRP1 C1_02240W_A AMN1
FBA1 HHF22 TDH3 CR_08500W_A SSN6 HAT1 HTB1 PDI1 ALS3
COF1 MCD1 ZPR1 KAR2 GPM1 EGD2 HHT2 ENO1 CDC5
C7_00830C_A ASC1 HTA3 HHT21 C2_06770W_A
4672 protein kinase activity | 3 out of 615 | C1_07640C_A CDC5 SCH9
genes, 0.5%
3723 RNA binding 73 out of 615 | GART RPL16A C4_00940W_A RPF2 CR_10410C_A C1_00160C_A
genes, 11.9% | C1_12570C_A RPL25 RPPO TEF2 CIC1 EFT2 C1_10880W_A TIF
BFR1 TEF1 RPL10A C5_00030W_A C6_02380W_A C6_03380W_A
RPL14 RPS18 RPL30 RPS4A NOP4 LHP1 CAM1 CSI2 PES1
C2_02540W_A C7_02420C_A ARC1 NOP14 RPL24A RRS1 TRM1
EFB1 ANB1 C1_11860W_A C6_02350C_A DIP2 NOP1 RPS9B
RPL6 TDH3 GCD6 RPL15A PFK2 PRT1 NMD3 CR_04110W_A
RRP9 RPP1 GCY1 C3_02040C_A DHH1 RPL5 CEF3 RPS13 DPS1-
1 C6_02690C_A C2_05160C_A NANT GRE3 RPL28 DBP2 RPS21
ERB1 CR_04240C_A C3_00730W_A NIP7 RPS14B SSF1
4871 signal transducer 0 out of 615 | none
activity genes, 0%
5198 structural molecule 73 out of 615 | RPS25B C5_01540W_A RPL16A RPL17B RPS15 CR_05150W_A
activity genes, 11.9% | RPL19A RPL25 RPPO RPL20B CIC1 RPL29 RPL23A C2_05300C_A
RPL37B RPL10A PGA63 C5_00030W_A RPL14 RPS18 RPL30
RPP2A RPL2 RPS27 C2_07190C_A RPS6A RPL32 RPP1B RPS12
RPS17B YST1 RPS19A RPS8A RPS22A RPL3 NUP159 SSR1 UBI3
RPS9B C2_05410W_A RPL6 RPL42 RPL38 RPS26A TUB1 CHC1
RPS21B RPL15A RPL4B C1_06890C_A RPL13 RPL12 RPL43A
C6_01980C_A RPL40B RPS1 C5_03550W_A RPL27A RPS24 RPL5
RPS13 RPS7A RPS5 RPL28 RPL21A RPS28B RPS21 RPS20
MRPS9 RPS16A C1_05720W_A RPL35 RPS14B
988 transcription factor 0 out of 615 | none
activity, protein genes, 0%
binding
16740 transferase activity 83 out of 615 | GLK4 C7_04210C_A DPM2 C6_02480W_A FEN12 MET6 ERG6

genes, 13.5%

RPC19 C1_09040C_A RMS1 SMP3 C7_00490C_A TKL1 CAR2
CRH11 _MET15 ERG10 GLK1 ARO4 PFK1 ERG13 ADAEC
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C1_01150C_A C1_07640C_A KRE5 LAT1 YNK1 MTS1
C4_05250W_A SPE3 PGK1 ERG9 FAS1 MNN12 C7_02420C_A
AAT22 RIB4 GSL2 DAK2 MET3 TRM1 CHO1 C1_11790W_A NOP1
RPO26 C4_02620C_A DPM1 SAM2 PSA2 PHR2 RNR1 GCD6 HAT1
PFK2 TAL1 C4_06710W_A MSS4 PMT2 DIM1 C3_01570W_A SRB1
ENO1 RPA190 HXK2 BMT4 XYL2 MRF1 GUK1 STT3 NAT4 CDC5
HMT1 PMT1 CDC19 APT1 MET14 PMT4 C1_14160W_A
C7_02340C_A CR_04240C_A URA2 SCH9 OST1

45182 translation regulator 12 out of 615 | TEF2 EFT2 TIF TEF1 CAM1 EFB1 ANB1 GCD6 PRT1 CEF3
activity genes, 2% C2 05160C_A MAM33
5215 transporter activity 37 out of 615 | OPT1 CR_01630C_A HGT7 NUP HGT10 HGT6 HGT12 ATP1 VRG4
genes, 6.0% ATP2 AQY1 C2_09590C_A PTR22 NAG3 HXT5 FCY2 HGT19
C7_02000C_A HSP31 HSP30 HGT13 SEC14 ATP5 CNT FET34
PMA1 CR_01220W_A FLU1 GAP4 SAM50 CR_03580C_A ALP1
POR1 WSC4 HGT8 YMC1 SEC61
30533 triplet codon-amino 0 out of 615 | none
acid adaptor activity genes, 0%

Cellular Component

Table S18. Assignment of the 380 significantly upregulated C. albicans genes to
27 GO Slim terms under the Cellular Component category.

GOID GO term Frequency Gene list
5938 cell cortex 1 out of 380 | LCB4
genes, 0.3%
5618 cell wall 3 out of 380 | RBR2 CRD2 INO1
genes, 0.8%
5933 cellular bud 1 out of 380 | MSO1
genes, 0.3%
5575 cellular_component | 192 out of 380 | C71_00010W_A C1_01220C_A DUR1,2 C1_11320C_A C2_08440W_A
genes, 50.5% | C6_02450W_A C4_03950C_A C2_05060C_A C6_03600C_A
C3 _02900W_A C6_02620C_A C4_04620C_A GBU1 C6_00730W_A
C3_00050C_A C4 _01970W_A C1_12900W_A C7_03470W_A
C1_00020C_A C4_02770C_A MOH1 C1_03270W_A C4_02930W_A
C1_03990W_A C3 _05750C_A C5_007500_A C3_03700C_A
C6_02790C_A C1_02270C_A C1_11570W_A ARO3 YHB5
C7_03280C_A CR_02480W_A C1_04460C_A C1_09310C_A

C2 08510W A GPX2 CR_03690W_A PEX22 C3 05360C A ATF1
CR_04220C_A C4_06670W_A C7_00260C_A C7_02920W A CSO99
FAA2-3 C2_08330W A C3 _04650W A HIS3 BLP1 C1_01140C A
C6_01620W_A C1_02970W_A HOM3 C7_02010C_A C1_00580W A

FRP2 BULT CR 07740W_ A C1_01620C_ A  CR_08830W A
CR_09610C_A  C1_13430C_A  C1_01630W A  C3_04630W A
C2 07070W A  C1_14180W A  C1_12870C_ A  CR_10310W A

C1_05160C_A BIO32 C4_04380C_A POX18 GLT1 C2_08260W_A SCW4
C3_02990C_A CHA1 C4_02230C_A C7_00770W_A C1_00030C_A
C4_02040W A CIRT4B~ C7_02140W A C1_09700W A OPT8
C1_05440C_ A C2 _10150W A C3_01420C_A FOX3 C1_00050C_A
CR_05040W _A PEX17 CR_06310W_A BUD20 HIS5 UGA11 BMT9 GST1
C3 04450C A  C3 04350C_A  C1_05690C_A  C3_02750W_A
C2_00640W A C3 02090C_A C2_09070C_A C3 03370C_A GTT1
FGR15 C3_07720C_A CR_04860C_A C1_13090W A C4_01350W A
C2 04400W A C3 02660W A CR_04230W_A TES1 C3_07430W A
C5_04980W A MNN41 C1_13100W_A CR_06020W A CR_04990C_A
C2 08690C A  C6_03280W A  C4_03960W A~ C1_09770W A
C7_03820C_A C1_13180W_A HRQ2 IFK2 C2_02390W_A ALD6 SMi1B
C2 09800C_ A C3 01060W A AMO2 MET13  C1_09340C_A
CR_04850C_A CR_02060W A PSO2 C3 04840C_A C4_07020C_A
C4_00640W A C1_06870C_A C1_09300C_A C3 06040W A LYS22
C4_06940C_ A C6_02160W A CR_04870C_A C2 06630C A IFR1
C1_11260C_A C4_05800C_A C6 03530C_ A ARO8 CR_05750W_A
C7_03740C_A YHB4 C4 _00290C A C1_03870C_A C1_00190C_A
C6_03670C_A LEU42 AGA1 FRP1 C5 05510C_A C1_03970W A
C6_01940W A C2 02230C_A CEK2 SUA72 CR _07700W A IFG3
CR_06270W A  C1_01610C_A CR _08850W_A  C3_01270W_A
C1_10060C_ A C2 04830W A TES15 ASG7 (€3 04330C_A
C3_02630C_A PRR2 MRV2 CR_06770C_A C3_04190W _A
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5694 chromosome 7 out of 380 | C4 00030C_A RAD6 C6_03290W_A PPH3 C5 00230C_A PSF1
genes, 1.8% C6 03320W A
5737 cytoplasm 104 out of 380 | NPR1 GTT13 APS3 C6_03240W_A EHD3 DRE2 C3_05290C_A PXP2
genes, 27.4% | C1_01840C_A FTH1 AOX2 HXK1 FAR1 ARG3 C3 03690W_A
C5_03870C_A C2_00390C_A BAT21 ARG4 RAD6 LYS4 YHB1 STE18
HIS7 POT1 PDK2 POX1-3 CPA1 UGA1 PRB1 MSO1 C2_00600C_A
LCB4 POX1 UBC8 RER2 MDH1-3 GCV1 XUT1 ROA1 ALT1
C1_00860W_A GAT1 UGA4 ARF1 CTN1 C4_00680W_A SFC1 AMO1
FOX2 TPO4 GAP2 C2_10870W_A C4 _04180C_A CYB2 HPD1 PEX5
ECI1 CAP1 SNO1 C1_09440W_A GDH3 CR_02570C_A C5_03080C_A
ANT1 CPA2 C7_03860W_A C1_12150C_A C1_03330C_A PEX6 HSP78
YPT53 CCC1 C4_04250W_A ATG9 MLS1 ZCF20 PXA1 PYC2 FAA21
ARG5,6 C1_14020W_A NBP35 APG7 C2_08420W_A ISA2 OSM2
C2 _06780C_A ARG1 ATM1 ATG1 DLD2 ECM42 HMX1 PXA2
CR_06980W_A CCE1 AUT7 CTN3 ARG8 SNZ1 C3_02850C_A ARA1
ICL1
16023 cytoplasmic, 0 out of 380 | none
membrane- genes, 0%
bounded vesicle
5856 cytoskeleton 1 out of 380 | KIN3
genes, 0.3%
12505 endomembrane 12 out of 380 | NPR1 LCB4 RER2 ARF1 GAP2 C4_04180C_A C1_03330C_A YPT53
system genes, 3.2% CCC1 OSM2 HMX1 C3_02850C_A
5783 endoplasmic 6 out of 380 | LCB4 RER2 C4_04180C_A OSM2 HMX1 C3_02850C_A
reticulum genes, 1.6%
5576 extracellular region | 7 out of 380 | OP4 SOD6 C6_03150C_A GDH3 GOR1 SAP6 SAP4
genes, 1.8%
5794 Golgi apparatus 4 out of 380 | NPR1LCB4 ARF1 CCC1
genes, 1.1%
1411 hyphal tip 0 out of 380 | none
genes, 0%
16020 membrane 75 out of 380 | NPR1 APS3 HGT4 FTH1 C1_06860W_A ATO5 AOX2 C5_03970W_A
genes, 19.7% | ITR1 C3_03690W_A C6_03540W_A DUR3 C3_03760W_A CM_00250W
STE18 C7_01510W_A C3_04720C_A STE2 C2_07580W_A CIP1 MSO1
LCB4 RER2 GNP3 GPT1 XUT1 ROA1 OPT4 UGA4 AAP1 CTN1
C4_00680W_A SFC1 SSU1 ATO9 MEP1 TPO4 GAP2 C2_10870W_A
C4_04180C_A PEX5 GIT2 ARR3 C5.03080C_A PTR2 ANT1
C4_06910W_A C1_03330C_A YPT53 CCC1 C4_04250W_A ATG9 FRP3
PXA1 C1_00830W_A CDR11 C6_01870C_A CR_04820W_A CAN3
APG7 MEP2 C2_09870W_A ATM1 FCY23 ATG1 C1_06980C_A DLD2
HMX1 PXA2 C4_03710C_A CCE1 AUT7 FTR2 C3_02850C_A SSY1
5624 membrane fraction | 0 out of 380 | none
genes, 0%
5815 microtubule 1 out of 380 | KIN3
organizing center genes, 0.3%
5740 mitochondrial 8 out of 380 | DRE2 POT1 CTN1 CYB2 ISA2 ATM1 DLD2 CCE1
envelope genes, 2.1%
5739 mitochondrion 31 out of 380 | EHD3 DRE2 AOX2 HXK1 ARG3 BAT21 LYS4 YHB1 POT1 PDK2 CPA1
genes, 8.2% C2_00600C_A ALT1 CTN1 SFC1 CYB2 HPD1 C1_09440W_A
C5_03080C_A HSP78 C4_04250W_A ATG9 ZCF20 ARG5,6 ISA2 OSM2
ATM1 DLD2 ECM42 CCE1 ARG8
5730 nucleolus 0 out of 380 | none
genes, 0%
5634 nucleus 37 out of 380 | C6_03240W_A HXK1 FAR1 WOR2 C4_00030C_A C1_14190C_A RAD6
genes, 9.7% C6_03290W_A CAT8 HAP2 GCN4 RAD16 UGA33 C2_02300W_A STB5
KIN3 GAT1 SUC1 C3_05060W_A PPH3 CAP1 GDH3 SET1 ZCF32 SEF2
ZFU2 ZCF25 ZCF20 C5_00230C_A C1_08660C_A NBP35
C2_08420W_A C2_06780C_A PSF1 ZCF4 HMX1 CR_06980W_A
other other 12 out of 380 | C2_01920C_A C4_00080C_A CR_03260W_A C3_00400C_A PGA17
genes, 3.2% C4_02170C_A HSP21 MET28 PGA7 PGA46 PGA25 C1_02380C_A
5777 peroxisome 18 out of 380 | PXP2 C2_00390C_A POT1 POX1-3 POX1 MDH1-3 FOX2 PEX5 ECI1
genes, 4.7% CR_02570C_A ANT1 PEX6 MLS1 PXA1 FAA21 PXA2 CTN3 ICL1
5886 plasma membrane | 28 out of 380 | NPR1 HGT4 FTH1 AOX2 C5_03970W_A ITR1 DUR3 STE18 STE2 MSO1
genes, 7.4% LCB4 XUT1 ROA1 OPT4 SFC1 SSU1 MEP1 TPO4 GAP2 ARR3 CCC1
FRP3 MEP2 FCY23 HMX1 FTR2 C3_02850C_A SSY1
5840 ribosome 1 out of 380 | EHD3
genes, 0.3%
30427 site of polarized 2 out of 380 | FAR1 MSO1
growth genes, 0.5%
70732 spindle envelope 0 out of 380 | none
genes, 0%
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5773

vacuole

16 out of 380
genes, 4.2%

FTH1 C3_03690W_A PRB1 XUT1 ROA1 UGA4 C4_00680W_A TPO4
GAP2 C2_10870W_A C7_03860W_A C1_03330C_A CCC1 ATG9 ATG1
AUT7

Table S19. Assignment of the 615 significantly downregulated C. albicans genes
to 27 GO Slim terms under the Cellular Component category.

GO ID

GO term

Frequency

Gene list

5938

cell cortex

10 out of 615
genes, 1.6%

C4_04800W_A GLC7 PFY1INT1 WAL1IST2 VRP1 CHC1 COF1 KAR2

5618

cell wall

68 out of 615
genes, 11.1%

TPI1 MET6 SSB1 C5_02110W_A APE2 HSP12 HEM13 TKL1 TEF2 EFT2
RPL23A TEF1 CRH11 MET15 HWP1 ENG1 RPL14 ATP1 ECM331
TSA1B TSA1 INT1 RPS6A ALS4 WH11 CYP1 PGK1 IPP1 YWP1 EXG2
PDC11 SSR1SOD5 PGA13 PST2 RPL38 SAM2 CHT3 GLX3 FBA1 PHR2
DDR48 TDH3 ALS2 PRT1 RBE1 TAL1 ALS3 PGA59 GPM1 PGA6 RPS1
SRB1 ENO1 XYL2 CEF3 RPS13 CHT2 PGA31 PGA62 KRE1 CDC19
RPS20 RBT1 ALS9 CSH1 RPS14B SCW11

5933

cellular bud

11 out of 615
genes, 1.8%

GLC7 WSC2 INT1 WAL1IST2 VRP1 CHT3 AMN1 FLU1 NCE102 CDC5

5575

cellular_component

153 out of 615
genes, 24.9%

GLK4 C7_04210C_A C3_00360W A C1_02730W_A CAM1-1
C6_02480W A CR_05210W A C2 07420W_A C3_00230C_A CRZ2
C1_12000C_A C2 05640W A C1_09040C_A C5 01110W A LDG3
GLO1 C4_06700W A C2 09910C_A C1_07790C_A CR_06500C_A
C7_01940C_ A C2 05960C A C4_06320C_ A C1_11720W_A JIP5
CR_10200W A GLK1 C6_00680C_A ARO4 ERG13 ADAEC AHP2
RPS4A NOP4 C2 02530W_A MRV3 C1_01150C_A C1_07640C_A
C7_02280W A KRE5 C1_07990C A ASR3 CR_09740W A MSC7
C2 00130W_A MRV5 C7_02260W A C1_10850W A RFG1 OSM1
C1_09810W A DUT1 C1_13820C_ A GUA1  C5_00510W_A
CR_03000C_A C7_02420C_A C3_07900C_A AAT22 C1_10350C_A
GAD1 C1_05520W A HGH1 C1_10170W A RGS2 DAK2 MET3
C3 05990C A C1_04270C_A C7_01010W_A MFA1 CR_09330C_A
C1_11930W_A C3_01180C_A C5 _01090C_A MVD PTP1 MIG2 CYS3
CR_06570C_A  C4 03230C_A  C4_03300C_A  C2_10130W_A
C4 02620C_ A CR_09460C_A C7_03270W A PSA2 ASR2 OFI1
C4 01830C_A  C7_01430C_A CR _08500W_A  C2_09500W A
C6_02490C_ A PBR1 TSR2 PRN4 C4_06750C_A C5 01550C_A
C2 01960C_A CR_09070C_A C5_03440W A C3_07880C_A SOU1
C1_01510W_A AAH1 C1_09330W A C1_03240W A C1_12180C_A
C5_02400W A C4_06710W_A C7_01380W_A ASR1 C3_01570W A
C4_01220C_A C3_06880W_A MSB1 ROD1 C1_11050W_A USO6 BMT4
PMI1  C2_03020C_ A C3 05450C_A  HAL21  C5 02780W_A
C3 05320W A NAT4 C1_11990W A EXO1 C5_03000C_A FRP5
C3_02790W A C4_00730C_ A DCG1 C1_11200W A C1_13460W_A
PWP1 SPE2 MET14 C2_00670C_A C7_02210W_A IFD6 C1_07010W_A
C3 06860C_ A  C2 08030W A  C1_11120C_A  C4_02260C_A
C3 00730W A  C1_13150W_ A  C3 01820W_A  C6_04140C_A
C6_03880W A

5694

chromosome

23 out of 615
genes, 3.7%

C6_02280W_A UTP5 HTA2 GLC7 TEC1 CYP1 C1_04180W_A POL30
C4_02820W_A NOP1 SFL2 HHF22 NDT80 ESC4 HTB1 MCD1 HHT2
PST3 NAN1 CDC5 HTA3 HHT21 SCH9

5737

cytoplasm

258 out of 615
genes, 42%

ERG28 DPM2 RPS25B C5_01540W_A YCP4 ATP19 RPL16A TPI1 SOD2
FEN12 THS1 RPL17B OPT1 SSB1 C5_02110W_A ERG6 APE2 LSC1
GUS1 CR_05150W_A RPL19A RPL25 C5_04300C_A HSP12 SMP3
HEM13 C7_00490C_A RPP0O CAR2 SSZ1 ERG5 RPL20B C1_09060C_A
TEF2 RPL29 RPL23A GND1 C2_05300C_A TIF HGT7 BFR1 LTV1
C4_04800W_A RPL37B TEF1 CR_04610C_A TMA19 CR_09140C_A
CR_01410C_A LSC2 RPL10A C1_13790C_A PGA63 GRF10
C5_00030W_A CR_02690W_A ERG10 BUD7 HGT6 C6_02380W_A
C6_03380W_A RPL14 GLC7 RPL30 PFK1 ATP1 MAE1 VRG4 RPP2A
DRG1 ARC40 RPL2 LAT1 YNK1 ATP2 PUS7 RPS27 NRM1
C2_07190C_A C2_09590C_A TSA1B HMG1 C7_01360C_A PFY1
C5_02660C_A TSA1 INT1 CAM1 GPD2 RPS6A RPL32 WH11 RNR21
CYP1 PWP2 CWH8 RPP1B PGK1 C3_04810C_A ERG9 RPS12 FAS1
C1_01530C_A MNN12 SEC12 YST1 CAR1 ARC1 RPS19A RIB4 IPP1
RPS8A RPL24A SOD1 CYS4 KTI12 CR_07220C_A C4_06680C_A TRM1
EFB1 LKH1 RPS22A GLE2 CHO1 C1_11790W_A RPL3 PDC11 ANB1
C1_11860W_A WAL1 KRS1 IST2 EGD1 CR_02770C_A ERG4 UBI3
RPS9B C2_05410W_A RPL6 PGI1 RPL42 C4_05230C_A RPL38 VRP1
DPM1 SAM2 C1_02240W_A TUB1 AMN1 GLX3 CHC1 FBA1 RPL8B
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PHR2 RNR1 TDH3 GCD6 C2_07290W_A RPS21B RPL15A TSR1 RPL4B
SEC14 GUT2 SEN2 HAT1 C1_06890C_A FUM11 C3_01680C_A ATP5
PFK2 RPL13 PRT1 NMD3 RPL12 PDI1 TAL1 C1_01050C_A COF1 URA1
RPL43A RPL18 PMT2 ARX1 MCD1 RPP1 C6_ 019800 A ZPR1 KAR2
GPM1 C7_02660C_A GCN1 RPS1 EGD2 IDH2 RPL27A GSP1 SRB1
ENO1FLU1 DHH1 EMP24 HXK2 RPL5 ZUO1 MRF1 C1_05630C_A STT3
CEF3 IDH1 RPS13 SAM50 DPS1-1 ERG3 C6_02690C _. A C1_10820C_A
RPS5 C7_00830C_A RHR2 PTP3 RPL28 SEC24 PMT1 RPL21A RPS28B
ERG2 CDC19 TFS1 C3_06700C_A RPS21 RPS20 APT1 MRPS9 ASC1
POR1 C7_01600W_A PMT4 LEU2 GDA1 C1_14160W_A C7_02340C_A
C1_05720W_A RPL35 C3_02160C_A C2_02410W_A CSH1 WSC4
C1_00090W_A MAM33 MCR1 NIP7 URA2 YMC1 SCH9 SEC61
C1_11920W_A OST1ILVS

16023 cytoplasmic, 0 out of 615 | none
membrane- genes, 0%
bounded vesicle
5856 cytoskeleton 13 out of 615 | ENG1 GLC7 ARC40 INT1 CR_07220C_A WAL1 VRP1 C1_02240W_A
genes, 2.1% TUB1 CHC1 COF1 CDC5 C2 06770W_A
12505 endomembrane 54 out of 615 | ERG28 DPM2 FEN12 OPT1 C1_00160C_A C5_02110W_A ERG6 APE2
system genes, 8.8% SMP3 ERG5 BFR1 LTV1 C4_04800W_A PGA63 BUD7 ATP1 VRG4
ATP2 HMG1 CWH8 ERG9 MNN12 SEC12 C4_06680C_A TRM1 LKH1
GLE2 CHO1 NUP159 C1_11860W_A IST2 ERG4 DPM1 C1_02240W_A
CHC1 SEC14 PDI1 C1_01050C_A PMT2 KAR2 C5_03550W_A EMP24
STT3 ERG3 SEC24 PMT1 ERG2 PMT4 GDA1 C2_02410W_A WSC4
SEC61 C1_11920W A OST1
5783 endoplasmic 35 out of 615 | ERG28 DPM2 FEN12 ERG6 SMP3 ERG5 BFR1 C4_04800W_A ATP1
reticulum genes, 5.7% ATP2 HMG1 CWH8 ERG9 SEC12 C4_06680C_A CHO1 C1_11860W_A
IST2 ERG4 DPM1 PDI1 C1_01050C_A PMT2 KAR2 EMP24 STT3 ERG3
SEC24 PMT1 ERG2 PMT4 C2 02410W A WSC4 SEC61 OST1
5576 extracellular region | 56 out of 615 | MSB2 LIP3 RPL17B MET6 APE2 HEM13 HGT7 C4_04800W_A TEF1
genes, 9.1% CRH11 HGT6 ENG1 RPS18 YNK1 MTS1 CAM1 SPE3 GPD2 ALS4 CYP1
PLB4.5 IPP1 SOD1 YWP1 SSR1 SOD5 UBI3 CHT3 PHR2 TDH3 ALS2
PDI1 RBE1 TAL1 FET34 PMA1 ALS3 KAR2 GCN1 RPS1 FGR41 GSP1
ENO1 LIP6 GAP4 PST3 NCE102 CHT2 C1_10820C_A RPS5 GRE3
ASC1 POR1 RBT1 SEC61 SCW11
5794 Golgi apparatus 8 out of 615 | OPT1 C4_04800W_A BUD7 VRG4 MNN12 CHC1 SEC14 GDA1
genes, 1.3%
1411 hyphal tip 1 out of 615 | WAL1
genes, 0.2%
16020 membrane 135 out of 615 | PNG2 ERG28 DPM2 FRE10 YCP4 MSB2 ATP19 C4_05330C_A RPL16A
genes, 22% PGA53 FEN12 OPT1 CR_01630C_A SSB1 C5_02110W_A ERG6 SMP3
TKL1 ERG5C1_09060C_A TEF2 EFT2HGT7 BFR1LTV1C4_04800W_A
NUP TEF1 CR 04610C_A CRH11 PGA63 HGT10 HGT6 HGT12 ATP1
VRG4 ATP2 ECM331 MTS1 AQY1 HMG1 PFY1 C2_05290C_A CWH8
C7_01950W_A PGK1 ERGY9 PTR22 SEC12 YST1 NAG3 HXT5 GSL2
EXG2 C4_06680C_A TRM1 CHO1 ERG24 PDC11 FCY2 C1_11860W_A
SSR1HGT19 ERP5IST2 C7_02000C_A ERG4 RPL6 PST2 DPM1 SAM2
C3 _01540W_A CHC1 FBA1 PHR2 TDH3 HSP31 HSP30 HGT13 RPL4B
SEC14 GUT2 SEN2 C3 _01680C_A ATP5 CNT C1_03510C_A FET34
PMA1 C1_01050C_A SLP2 CR_01220W_A URA1 MSS4 PMT2 KAR2
GSP1 SRB1 ENO1 FLU1 DHH1 EMP24 HXK2 GAP4 STT3 CEF3 PST3
SAM50 NCE102 CR_03580C_A ERG3 ALP1 ERG251 RPS5 SEC24
PMT1 CDC19 TFS1 C3_06700C_A C2_10010C_A C7_00630C_A POR1
C7_01600W_A PMT4 GDA1 C2_02410W_A WSC4 HGT8 C1_00090W_A
MCR1 URA2 SCH9 SEC61 C1_11920W A OST1
5624 membrane fraction | 0 out of 615 | none
genes, 0%
5815 microtubule 2 out of 615 | GLC7 CDC5
organizing center genes, 0.3%
5740 mitochondrial 22 out of 615 | ATP19 C1_09060C_A HGT6 ATP1 YNK1 ATP2 CYP1 RIB4 SOD1 CHO1
envelope genes, 3.6% GUT2 SEN2 C3 01680C_ A ATP5 URA1 GPM1 HXK2 SAM50
C3 06700C A POR1 C7 01600W A MCR1
5739 mitochondrion 59 out of 615 | ATP19 TPI1 SOD2 LSC1 GUS1 CR_05150W_A C1_09060C A TEF2
genes, 9.6% C2 _05300C_A TEF1 TMA19 CR_09140C A LSC2 C1_13790C_A
C5_00030W_A HGT6 C6_02380W_A PFK1 ATP1 MAE1 LAT1 YNK1
ATP2 C2 _07190C_A C2_09590C A C7_01360C_A CYP1 PGK1 RIB4
SOD1 TRM1 CHO1 PGI1 FBA1 TDH3 GUT2 SEN2 FUM11 C3_01680C_A
ATP5 PFK2 URA1 MCD1 C6_01980C_A GPM1 IDH2 ENO1 HXK2 MRF1
IDH1 SAM50 C3 _06700C_A MRPS9 POR1 C7_01600W_A MAMS33
MCR1 YMC1 ILV5
5730 nucleolus 49 out of 615 | UTP5 GAR1 RRN3 C1_07660W_A C4_05330C_A RPF2 CR_10410C_A

genes, 8%

RPC19 C7_03850W_A CIC1 C1_10880W_A NSA1 UTP18 GLC7 LHP1
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RLP24 CSI2 PES1 PWP2 C2_02540W_A UTP21 NOP14 UTP22 RRS1
DIP2 NOP5 YTM1 NOP1 RPO26 C2_04570W_A TSR1 ESC4 MRT4 SIK1
RRPY9 ARX1 RPP1 C1_03790C_A C3_02040C_A RPA190 ZUO1 NAN1
C4_05010W_A NOC2 RPS28B UTP4 ERB1 DBP3 SSF1

5634

nucleus

144 out of 615
genes, 23.4%

CZF1 C6_02280W_A UTP5 GAR1 C2_02930C_A RRN3 C1_07660W_A
C4_05330C_A MET6  RPF2 CR_10410C_A C1 00160C_A
C5_02110W_A RPC19 RMS1 HSP12 C7_03850W_A CIC1 RPL23A
C1_10880W_A HTA2LTV1C7_01030C_A TCC1 CR_01410C_A RIM101
NSA1 GRF10 UTP18 C2_03880C_A GLC7 TEC1 PUS7 NRM1 TSA1B
HMG1 LHP1 TSA1 CAM1 RLP24 CSI2 RNR21 CYP1 PES1 PWP2
C7_01950W_A  ZCF21 GZF3 C1_04180W_A  C2_02540W_A
C3_01560W_A UTP21 NOP14 UTP22 SOD1 POL30 KTI12 RRS1
CR_07220C_A TRM1 GLE2 C1_11790W_A NRG1 NUP159 PDC11
C6_02350C_A C4_02820W_A DIP2 NOP5 YTM1 NOP1 RPO26
CR_02770C_A CCN1 RHA1 C4_05230C_A SFL2 C1_02240W_A YOX1
TUB1 AMN1 PHR2 HHF22 C2_04570W_A SSN6 NDT80 TSR1 ESC4
SEC14 SEN2 PTP2 HAT1 HTB1 MRT4 TAL1 CR_04110W_A
C7_02100W_A SIK1 MSS4 CLN3 RRP9 ARX1 MCD1 RPP1 ZPR1 KAR2
C1_03790C_A NHP6A C5_03550W_A C1_06760C_A C3_02040C_A
HHT2 GSP1 ENO1 RPA190 HXK2 ZUO1 C1_05630C_A DPS1-1
C6_02690C_A MSH6 NAN1 CDC5 C4_05010W_A PTP3 RPL28 HMT1
DBP2 ZCF3 NOC2 RPS28B C3_00100W_A UTP4 C4_07150W_A ERB1
C1_14160W_A HTA3 C7_02340C_A KRE30 NIP7 DBP3 SCH9 SSF1
TOS4

other

other

26 out of 615
genes, 4.2%

C4_00940W A C1_12570C_A PGA23 PIL1T RPS10 C4_05250W A
PGA58 PGA12 C2_07630C_A PGA34 URA7 PGA54 C2_07620W A
PGA26 C3_06760W A MIH1 PGA18 GCY1 DIM1 GUK1 SAH1 DRS1
PGA11 CR_04240C_A C6_01420C_A PGA38

5777

peroxisome

1 out of 615
genes, 0.2%

GND1

5886

plasma membrane

72 out of 615
genes, 11.7%

PNG2 FRE10 YCP4 MSB2 ATP19 PGA53 OPT1 SSB1 C5_02110W_A
ERG6 TKL1 ERG5 EFT2HGT7 CRH11 HGT10 HGT6 HGT12 ATP1 ATP2
ECM331 MTS1 AQY1 HMG1 PFY1 PGK1 ERG9 PTR22 GSL2 EXG2
PDC11 SSR1 HGT19 IST2 PST2 DPM1 SAM2 C3_01540W_A CHC1
FBA1 PHR2 TDH3 HSP30 HGT13 GUT2 CNT FET34 PMA1 MSS4 PMT2
SRB1 ENO1 FLU1 EMP24 GAP4 STT3 CEF3 PST3 SAM50 NCE102
ERG3 ALP1 ERG251 PMT1 CDC19 C2_10010C_A POR1 PMT4
C2 _02410W_A HGT8 SEC61 OST1

5840

ribosome

79 out of 615
genes, 12.8%

RPS25B C5_01540W_A RPL16A RPL17B RPS15 CR_05150W_A
RPL19A RPL25 RPPO RPL20B CIC1 EFT2 RPL29 RPL23A
C2_05300C_A RPL37B RPL10A C5_00030W_A RPL14 RPS18 RPL30
RPP2A RPL2 RPS27 C2_07190C_A RPS6A RPL32 RPP1B RPS12
RPS17B YST1 RPS19A RPS8A RPL24A EFB1 RPS22A RPL3 EGD1
UBI3 RPS9B C2_05410W_A RPL6 RPL42 RPL38 RPS26A RPLSB
RPS21B RPL15A RPL4B C1_06890C_A RPL13 RPL12 RPL43A RPL18
C6_01980C_A RPL40B GCN1 RPS1 EGD2 RPL27A RPS24 RPL5 ZUO1
CEF3 RPS13 C2_05160C_A RPS7A RPS5 RPL28 RPL21A RPS28B
RPS21 RPS20 MRPS9 ASC1 RPS16A C1_05720W_A RPL35 RPS14B

30427

site of polarized
growth

13 out of 615
genes, 2.1%

MSB2 ENG1 GLC7 WSC2 PFY1 INT1 WAL1 VRP1 CHT3 PHR2 MSS4
NCE102 CDC5

70732

spindle envelope

0 out of 615
genes, 0%

none

5773

vacuole

14 out of 615
genes, 2.3%

APE2 TEF2 HGT7 LTV1 TEF1 CR_04610C_A LKH1 ENO1 FLU1
C1_10820C_A TFS1 YMC1 SCH9 SEC61
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KEGG pathways

Table S20. Assignment of the 370 significantly upregulated C. albicans genes to

the top 20 most highly enriched KEGG pathways.

KEGG . No. of No. of Enrichment | Corrected
Gene list genes in | genes in .
pathway h . ratio P-value
input list | pathway
alpha-Linolenic POX1-3, POX1, POT1, FOX3, PXP2 5 7 0.714 5.67x10™
acid metabolism
Arginine ARGS8, GDH3, ARG1, ARG3, ARG4, 9 16 0.563 1.72x10"
biosynthesis ARGS5, DUR1, ECM42, ALT1
beta-Alanine HPD1, EHD3, ALD6, UGA11, PXP2, 11 21 0.524 2.22x10™®
metabolism POX1-3, UGA1, AMO2, POX1, FOX2,
AMO1
Propanoate HPD1, EHD3, ALD6, UGA11, PXP2, 9 19 0.474 4.63x10"
metabolism POX1-3, UGA1, POX1, FOX2
Valine, leucine | HPD1, EHD3, BAT21, ALD6, UGA11, 8 18 0.444 2.69x10™%
and isoleucine | UGA1, POT1, FOX3
degradation
Biosynthesis of | POX1-3, POX1, POT1, FOX3, PXP2 5 14 0.357 6.16x10™*
unsaturated fatty
acids
Alanine, GDH3, GLT1, ARG1, UGA11, CPA1, 9 27 0.333 3.28x10™
aspartate and | ARG4, UGA1, CPA2, ALT1
glutamate
metabolism
Lysine ARQOS8, LYS4, LYS22, HOM3 4 12 0.333 3.00x10™
biosynthesis
ABC transporters | PXA2, ATM1, PXA1, CDR11 4 12 0.333 3.00x10%
Fatty acid | POX1, PXP2, POX1-3, ECI1, POT1, 8 25 0.320 1.54x10%
degradation FOX3, FAA2-3, FAA21
2-Oxocarboxylic ARGS8, ARG5S, BAT21, AROS8, LYS22, 10 32 0.313 1.53x10
acid metabolism HOMS3, LEU42, ECM42, LYS4, ALT1
Peroxisome POT1, PEX5, PEX6, CTN3, ECI1, 14 48 0.292 2.85x10%
PXP2, PXA2, POX1-3, FOX3, CTN1,
FAA21, FAA2-3, POX1, PXA1
Phenylalanine AROS8, AMO2, AMO1, HIS5 4 16 0.250 6.60x10"
metabolism
Nitrogen GLT1, GDH3 2 8 0.250 6.16x10"
metabolism
Histidine HIS5, HIS7, HIS3 3 13 0.231 2.27x10%
metabolism
Valine, leucine | CHA1, LEU42, BAT21 3 13 0.231 2.27x10%
and isoleucine
biosynthesis
Fatty acid | POX1, PXP2, POX1-3, POT1, FOX3, 7 31 0.226 3.73x10™
metabolism FAA2-3, FAA21
Vitamin B6 | SNZ1, SNO1 2 9 0.222 7.15x10%
metabolism
Tyrosine AROS8, AMO2, AMO1, HIS5 4 19 0.211 1.03x10™”
metabolism
Glyoxylate and | GOR1, MLS1, MDH1-3, ICL1, GCV1 5 26 0.192 5.42x10%
dicarboxylate
metabolism
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Table S21. Assignment of the 615 significantly downregulated C. albicans genes
to the top 20 most highly enriched KEGG pathways.

PMI1, TPI1, TAL1, HXK2, CYS4,
HMG1, CYS3, FUM11, ARO4, FBA1,

KEGG . No. of No. of Enrichment | Corrected
Gene list genes in | genes in .
pathway h . ratio P-value
input list | pathway
Mannose type O- | PMT4, PMT1, PMT2 3 5 0.600 5.36x10™
glycan
biosynthesis
Fructose and | SOU1, FBA1, TPI1, PFK1, PFK2, 12 21 0.571 5.93x10™®
mannose GLK4, DAK2, PSA2, HXK2, PMI1,
metabolism SRB1, GLK1
Ribosome RPS13, RPS12, RPS21B, RPS10, 63 119 0.529 429x10% |
RPL5, RPS25B, RPS15, RPS17B,
RPL6, RPS9B, RPL40B, RPS18,
RPL2, RPL3, RPP1B, RPL16A, RPS5,
RPL8B, RPS1, RPL42, RPL29,
RPL23A, RPL25, RPS19A, RPS21,
RPS24, RPP2A, RPS6A, RPL20B,
RPL27A, RPS4A, RPS14B, RPL24A,
RPS22A, RPL17B, RPS16A, RPS26A,
RPL43A, UBI3, RPS27, RPL19A,
RPL14, RPPO, RPS8A, RPL12,
RPL13, RPL37B, RPL18, RPL32,
RPL28, YST1, RPL15A, RPS20,
RPS28B, RPL38, RLP24, RPL35,
MRPS9, RPL4B, RPL30, RPL10A,
RPS7A, RPL21A
Steroid ERG4, ERG5, ERG6, ERG2, ERGS3, 8 18 0.444 1.39x10™
biosynthesis ERGY9, ERG251, ERG24
Glycolysis / | PDC11, LAT1, FBA1, PGI1, CDC19, 15 40 0.375 1.31x10™
Gluconeogenesis | PFK2, PFK1, GLK4, ENO1, TPI1,
GPM1, GLK1, HXK2, TDH3, PGK1
Pentose TAL1, FBA1, GND1, PFK2, TKL1, 7 21 0.333 1.08x10™
phosphate PGI1, PFK1
pathway
Selenocompound | MET3, MET6, CYS3 3 9 0.333 1.36x10™"
metabolism
Other types of O- | PMT4, PMT1, PMT2 3 9 0.333 1.36x10™"
glycan
biosynthesis
Galactose GLK4, PFK2, GLK1, PFK1, HXK2 5 16 0.313 4.51x10™
metabolism
Methane FBA1, PFK2, PFK1, ENO1, DAK2, 6 20 0.300 3.07x10%
metabolism GPM1
Amino sugar and | PSA2, MCR1, GLK4, PGI1, CHTS3, 10 35 0.286 3.35x10%
nucleotide sugar | CHT2, GLK1, HXK2, PMI1, SRB1
metabolism
Carbon LAT1, TDH3, TKL1, MAE1, TP/, 27 98 0.276 2.35x10"
metabolism HXK2, LSC2, FUM11, FBA1, CDC19,
GLK4, PGI1, DAK2, GLK1, AAT22,
GND1, PGK1, TAL1, MET15, LSC1,
IDH2, IDH1, PFK2, PFK1, ENOf1,
GPM1, ERG10
Sulfur MET3, MET14, MET15, HAL21 4 15 0.267 1.19x10™"
metabolism
Ubiquinone and | YCP4, PST3, PST2 3 12 0.250 1.94x10™"
other terpenoid-
quinone
biosynthesis
Pentose and | XYL2, GRE3 2 8 0.250 3.24x10™
glucuronate
interconversions
Pyrimidine RNR21, URA7, URA2, URA1, DUT1, 7 30 0.233 4.26x10™
metabolism YNK1, RNR1
Butanoate GAD1, ERG10, ERG13 3 13 0.231 2.20x10™
metabolism
Biosynthesis of | ERG4, ERG5, ERG6, CDC19, LAT1, 46 206 0.223 1.86x10™
antibiotics ERG2, ERG3, TDH3, ERGY, TKL1,
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CAR2, CAR1, GLK4, PGI1, GLK1,
ERG24, YNK1, AAT22, GND1, PGK1,
LSC2, MET15, LSC1, ILVS, IDH2,
IDH1, PFK2, PFK1, ENO1, MVD,
MET3, ERG251, PDC11, GPM1,
ERG13, ERG10

27

0.222

7.46x10%

Citrate cycle | LSC2, LSC1, IDH2, IDH1, LAT1,

(TCA cycle) FUM11

Cysteine and | MET6, MET15, SPE2, SPE3, SAH1, 41 0.220 2.57x10%
methionine SAM2, CYS4, AAT22, CYS3

metabolism
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