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CHAPTERS LAYOUT
Chapter 1:

This chapter comprises the literature review. Motivation for the study is provided
in this chapter. The chapter further introduces the reader to what is already
known in the literature about Candida parapsilosis sensu lato. An overview of
Candida parapsilosis sensu lato which forms part of the group comprising two
other cryptic species is provided. The transmission and risk factors, virulence
factors, pathogenesis, clinical manifestation, laboratory diagnosis, and
management of the diseases caused by Candida parapsilosis sensu lato are
also discussed. The chapter further describes the problem statement and

outlines the study aims and objectives.

Chapter 2:

The chapter provides the materials and methodology used for the in vitro
characterization of the virulence factors of Candida parapsilosis sensu lato. The
results of the study are provided and discussed in this chapter using the
relevant literature. In addition, the risk factors and outcomes of the paediatric
population studied are provided.

Chapter 3:

In this chapter, the whole genome sequencing methodology to determine the
strain relatedness and possible genetic determinants of drug resistance, results
thereof and a discussion of the results is provided.

Chapter 4.

The general discussion and conclusion of the whole study is provided with more
focus on the risk factors among the studied population, virulence factors of the

strains and the whole genome sequencing results.
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DISSERTATION ABSTRACT

Introduction:

Invasive fungal infections contribute to a rise in morbidity and mortality,
extended stay in hospital and higher health care cost. Due to the increased risk
factors among the neonates, this population continues to bear the brunt as the
morbidity and mortality due to Candida parapsilosis remains high. This is further
complicated by the rising predominance of azole-resistant strains.

Aim:

This study aimed to identify the specific strains of C. parapsilosis sensu lato
cultured from neonatal and paediatric patients at Universitas Academic Hospital
and to determine their virulence potential. The clinical outcome data of the
patients were correlated with the strains’ data.

Methodology:

The study was conducted at the Department of Microbial, Biochemical and
Food Biotechnology, University of the Free State, Bloemfontein. This was a
retrospective cross-sectional laboratory-based study. Candida parapsilosis as
identified on Vitek®2 (bioMérieux Inc, Marcy I'Etoile, France), from invasive
clinical samples sent for routine laboratory diagnosis to the Medical
Microbiology laboratory from Universitas Hospital's neonatal and paediatric

wards, were used.

A sample size of approximately 30 was estimated based on the numbers from
the previous year’s however, only 21 strains were obtained, with one of the
patients having two isolates. Therefore, 20 patients’ strains were obtained. The
Candida parapsilosis strains used for the study were those already stored in
the laboratory at -80°C from the year 2018 to 2020. Data obtained from Vitek®2
(bioMérieux Inc, Marcy I'Etoile, France) as well as patients’ demographic data
and clinical information from patient clinical files were recorded on an Excel
sheet for analysis. No patient names were recorded. Only study numbers were
used.
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D1/D2 sequencing was performed for species differentiation. Clinical records
were reviewed, time to positivity, species identification, antifungal susceptibility
testing results and patients’ demographics were also retrieved from TrackCare.
The QualiClean (QualiPharm, New Germany) used in the hospital setting at
1000 ppm for surface disinfection was tested against all the 20 strains to
determine their susceptibility to the disinfectant. A crystal violet assay was
conducted to determine biomasses of respective biofilms. For hydrolytic
enzymes secretion, tributyrin agar was used for lipase activity, yeast carbon
base bovine serum albumin agar for protease activity and the sabauraud
dextrose agar supplemented with 8% egg yolk for phospholipase activity.
Prostaglandin E; production was evaluated by using the enzyme-linked
immunosorbent assay (ELISA; Cayman Chemicals, Ann Arbour, USA)
according to the manufacturer’s instructions. The biological method described
by Brenner (Brenner, 1974) was followed for in vivo relative virulence in
Caenorhabditis elegans. In addition, whole genome sequencing was conducted
to study the ploidy of the study strains, genetic relatedness as well as the

common antifungal resistance genes.

Results:

The strains were all Candida parapsilosis sensu stricto. Ninety percent of blood
cultures had a time to positivity of 48 hours with 80% of the strains showing
resistance to fluconazole and the intermediate resistance to voriconazole. For
70% of the strains, resistance to fluconazole and intermediate resistance to
voriconazole was observed. In addition, the QualiClean disinfectant did not
effectively inhibit any of the strains. Fifty-five percent of the patients were from
neonatal intensive care unit followed by 35% from neonatal high care and 10%
from paediatric wards. Eighty percent of the patients were males. Forty-one
percent of the patients were categorized as very low birth weight and 55%
delivered via caesarian section. The study population had multiple risk factors
including the presence of invasive devices, total parenteral nutrition,
gastrointestinal pathology, and administration of broad-spectrum antibiotics.
Deaths were recorded for 47% of the patients. The strains produced biofilms,

proteases, phospholipases, and prostaglandin E> in varying quantities. The
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three C. parapsilosis strains tested for their virulence in C. elegans, killed the
nematodes rapidly when compared to the C. albicans ATCC SC5314 strain.

All strains were haploid and were found to group into four related Clades, with
majority of the strains in Clade 4. Clade 4 also housed 94% of the fluconazole-
resistant strains. The FKS1, MRR1 and ERG11 genes were highly conserved
between strains with none of the mutations previously associated with
resistance patterns.

Conclusion:

Candida parapsilosis sensu stricto is circulating with majority of strains resistant
to fluconazole, suggesting that fluconazole should be avoided as the empiric
therapy among this population. All strains were virulent and resisted the action
of the disinfectant. The contact time will need to be increased or a different
disinfectant used. Multiple infection prevention and control interventions
including hand hygiene are also to be intensified. Further studies are required
to identify the resistance mutations or novel mutations prevalent at the study

site, including those outside the common regions.
Keywords: Candidemia; Candida parapsilosis; Virulence factors; Hydrolytic

enzymes; Prostaglandin E2, Biofilm formation, Chlorine based disinfectant;

Caenorhabditis elegans; Whole genome sequencing; Ploidy.
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CHAPTER 1: LITERATURE REVIEW

1.1 MOTIVATION

Candidaemia is the presence of Candida species in the blood whereas invasive
candidiasis refers to the serious infections following the invasion of Candida
species in sterile sites such as blood and cerebrospinal fluid (CSF) (Pappas et
al., 2018). Among the non-albicans species, Candida parapsilosis is the most
common cause of invasive candidiasis especially among the vulnerable
paediatric patients (Daneshnia et al., 2023a). In patients with candidaemia, C.
parapsilosis is the second or third most commonly isolated species after C.
albicans worldwide depending on the setting (Téth et al., 2019b, Govender et
al., 2016).

The prevalence and distribution of C. parapsilosis differs among the
geographical location and age group. In the paediatric population, the neonates
continue to bear the brunt as the morbidity and mortality remains high. Since
2016 to 2017, most cases of candidaemia in South Africa (SA), were due to C.
parapsilosis (44%), followed by C. albicans (23%) and C. auris (14%) (van
Schalkwyk et al., 2019, Qi et al., 2018a). Some of the studies in SA continue to
show the predominance of C. parapsilosis as the leading cause of candidaemia
(59.1%, 45.2% and 60.49%) among the neonates followed by C. albicans
(30.9%, 29.0% and 28.40%) (Malunga et al., 2020, Pillay et al., 2021, Ramdin
et al., 2023). Charsizadeh and colleagues found a C. parapsilosis mortality rate
of 33% in a neonatal and paediatric intensive care unit (ICU) in Iran
(Charsizadeh et al., 2018). In 2017, Free State (FS) was the second leading
province after Northwest (NW) with C. parapsilosis infections (GERMS-SA,
2017). This increasing prevalence continues to be noted in SA from the
neonatal wards (Shuping et al., 2021). According to a review by Daneshnia and
colleagues, publications from SA between 2000 to 2022 indicate that about 30-
35% of invasive candidiasis infections were caused by C. parapsilosis and
more than 40-60% of the C. parapsilosis isolates were resistant to fluconazole
(Daneshnia et al., 2023a).
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Candida parapsilosis is a term comprising of three species, namely C.
parapsilosis sensu stricto, C. metapsilosis and C. orthopsilosis. The current
routine identification methods in the laboratories cannot differentiate the three
species. Although C. parapsilosis is part of the human skin and gastrointestinal
microbiome, it is not restricted to humans, as it is also found in animals and the
environment (Trofa et al., 2008). Both the contaminated hands of the healthcare
workers as well as the environment are possible sources of transmission for

this pathogen to patients.

Resistance to azoles and the recent resistance to echinocandins by C.
parapsilosis may have detrimental effects on patient care, increasing morbidity
and mortality, particularly in the era of shortage of antifungals (Daneshnia et al.,
2023a). In most low income countries, fluconazole is most commonly used as
an empiric antifungal agent (Ferreras-Antolin et al., 2021), particularly in
patients with no prior antifungal therapy or those who have renal impairment.
Dependence on fluconazole is due to lack of more favourable antifungals such
as liposomal amphotericin B that has less side effects compared to the readily
available conventional amphotericin B deoxycholate (Maertens et al., 2022,
Silver and Rostas, 2018). Candida parapsilosis may show high minimum
inhibitory concentrations (MIC) to echinocandins (Moudgal et al., 2005) but
successes have been recorded in some neonates through case studies
(Ozkaya-Parlakay et al., 2014, Yalaz et al., 2006). Reports of outbreaks in
neonatal units due to azole-resistant C. parapsilosis are increasing worldwide
including Brazil, China and France (Fekkar et al., 2023, Qi et al., 2018b,
Escribano and Guinea, 2022, Castro et al.,, 2023a, Thomaz et al., 2018),
contributing to the inclusion of this pathogen in the World Health Organisation
(WHO) fungal priority pathogen list (WHO, 2022). A South African surveillance
study also found an increase in triazole-resistant C. parapsilosis from the
laboratory based sentinel sites where only 37% of strains were susceptible to
fluconazole and voriconazole (Govender et al., 2016), further highlighting
concerns about the rise of fluconazole-resistant Candida parapsilosis.
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The majority of C. parapsilosis sensu lato isolates cultured at Universitas
Medical Microbiology laboratory are from neonatal wards. These are patients
with risk factors such as prematurity, very low or low birth weight, exposure to
broad-spectrum antibiotics, invasive devices and total parenteral nutrition.
Speciation of C. parapsilosis sensu lato species at Universitas Medical
Microbiology laboratory has not been performed before. It is therefore not
known which of the three C. parapsilosis sensu lato species are circulating in
the neonatal and paediatric wards. Differentiation of the circulating species will
help to better understand the different virulence factors as well as antifungal
susceptibility pattern or behaviour of the circulating strain(s). This might further
assist in explaining why C. parapsilosis is outranking C. albicans in this

population.

Correlation of the obtained data with clinical history, especially knowledge of
the patient outcome, may assist in policy changes in terms of first line or empiric
antifungals to be used at the study site. The results will also assist in
strengthening the infection prevention control measures in both paediatrics and
neonatal wards in order to reduce the possible horizontal transmission.
Eventually, the information obtained from this study will help to decrease the
mortality and morbidity, especially among the vulnerable patients infected with

C. parapsilosis at Universitas Academic Hospital.
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1.2 INTRODUCTION

Invasive fungal infections contribute to the increased morbidity and mortality,
prolonged hospital stay and an increased health care cost. Although C. albicans
has long been responsible for majority of candidaemia cases, non-albicans
Candida (NAC) species are now leading worldwide (Hassan et al., 2019). The
prevalence of Candida parapsilosis varies by setting and age (Lausch et al.,
2019). Following its discovery in 1928, C. parapsilosis ranges from the first to
the third most isolated species following C. albicans in the hospital setting
worldwide (Téth et al.,, 2019a). According to the SENTRY Antimicrobial
Surveillance Program conducted between 2008-2009, C. parapsilosis was the
third most common Candida species from blood cultures in intensive care unit
(ICU) with higher resistance to fluconazole (6.8%) among the ICU patients than
in non-ICU patients (4.3%) (Pfaller et al., 2011).

The adult ICU outbreaks due to C. parapsilosis have also been noted (Thomaz
et al., 2022) but neonatal ICU remains the most affected with high mortality and
morbidity due to drug resistance and multiple risk factors that are associated
with prematurity. Lausch and coworkers found the 30-days mortality among
those below 15 years to be 10.2% with higher percentage observed among the
neonates (17%) in Denmark (Lausch et al., 2019). In a study from SA, where
the neonates accounted for 49% of all paediatric cases, a higher mortality due
to C. parapsilosis was also reported among the neonates with more than 50%
of the isolates showing resistance to fluconazole (Shuping et al., 2021).

Risk factors associated with C. parapsilosis sensu lato infection include low
birth weight, prolonged use of antibiotics, indwelling central or umbilical venous
catheters, total parenteral nutrition, abdominal surgeries, neutropenia and
mechanical ventilation (Liu et al., 2015). Most of the paediatric population have
some of these risk factors during hospital admission, thus increasing their
chance to acquire C. parapsilosis infections. The risk factors overlap with those
seen in adults (Zuo et al., 2021), but the morbidity is worse in neonates due to

their immature immune system as previously mentioned.
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Earlier researchers discovered that C. parapsilosis species differ in terms of
their virulence as well as the susceptibilities. This led to more research focusing
on these differences and subsequently, three species of Candida parapsilosis
sensu lato namely, C. parapsilosis sensu stricto, Candida orthopsilosis and
Candida metapsilosis were identified (Tavanti et al., 2005). The species have
different levels of virulence factors production. Amongst other factors that
contribute to the virulence, the species form biofilm on medical devices, secrete

hydrolytic enzymes and produce eicosanoids (Ataides et al., 2020).

Although phenotypic methods such as growth at 15% NaCl or pH 7.0 (Cordeiro
et al., 2018) have been tested to differentiate the cryptic species, there is
currently no available laboratory methods for routine identification in clinical
settings that can differentiate the three related species (Gil-Alonso et al., 2016).
The species are thus collectively identified as C. parapsilosis. As a result, most
studies report on C. parapsilosis and do not differentiate the three species.
However, since the diagnostic laboratories are slowly moving towards
molecular diagnostics, future laboratories might be able to use methods such
as polymerase chain reaction (PCR)-based restriction endonuclease analysis
(PCR-REA) which are highly reproducible and reported to be 100% concordant
to the internal transcribed spacer 1 (ITS1)/ITS2 sequencing (Neji et al., 2017).

Candida parapsilosis sensu stricto accounts for majority of clinical infections,
while C. metapsilosis and C. orthopsilosis are cultured in minority of the clinical
specimens (Romeo et al., 2012, Thomaz et al., 2018). Few South African
publications differentiate between these species, and this could be driven by
the cost factor. A surveillance study by Magobo and colleagues from both public
and private hospitals detected C. parapsilosis sensu stricto from neonatal ICU
(NICU) with no detection of other two cryptic species (Magobo et al., 2017).
Whether the two other cryptic species have not been circulating in SA NICU
settings is still to be confirmed.
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Candida parapsilosis sensu lato is ubiquitous (Pammi et al., 2013). The
organism is often cultured from hands and the gastrointestinal tract (Bonassoli
et al., 2005, Pammi et al., 2013, Qi et al., 2018b) Initially, the organism was
isolated from stools of a patient with diarrhoea (Ashford, 1928). Both the
contaminated environment, and hands of the health care workers as well of the
caregivers (de Paula Menezes et al., 2020) play a crucial role in nosocomial
acquisition (Sabino et al., 2015) and this has been the finding in some
outbreaks (Qi et al., 2018a, Asadzadeh et al., 2019) though not in some
(Miranda et al., 2012). Bonnasoli and colleagues found a high rate (59.3%) of
yeast colonisation on hands of both healthcare workers as well as community
members with no prior exposure to the healthcare setting (Bonassoli et al.,
2005). It is this presence on human hands that may be responsible for the

transmission in paediatric wards.

As C. parapsilosis is transmitted by contact, intensified contact precautionary
measures should be in place to limit its spread in the hospital wards or units. A
series of infection prevention and control measures (IPC) measures, such as
the routine screening of patients admitted in ICU (Fekkar et al., 2023),
education, cohorting, environmental screening and cleaning (Qi et al., 2018a)
are implemented to stop the spread of the organism in the wards.

Low to middle income countries may not have enough isolations rooms to
action the positive screening results. Hand hygiene therefore remains the
primary strategy in reducing health care associated infections (Haque et al.,
2020). Alcohol hand rubs are advised as part of hand hygiene to prevent the
spread of C. parapsilosis (Fekkar et al., 2023). In a study done in Brazil,
candidemia continued to be a problem even after the use of alcohol-based hand
sanitizers was encouraged and environmental cleaning measures were taken,
(Thomaz et al., 2022) suggesting that they may not be effective against the

resistant strains of C. parapsilosis.
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Disinfectants are chemicals that inactivate microorganisms (McDonnell and
Russell, 1999). Disinfection plays a crucial part in interrupting the transmission
route of infections (Artasensi et al., 2021). Daily cleaning as well as terminal
room cleaning after the patients vacate the room is crucial to prevent
transmission and colonisation. Chlorine releasing compounds, glutaraldehyde,
quaternary ammonium compounds (QACs), hydrogen peroxide and alcohol
based products are among the disinfectants commonly used in hospitals, for
environmental hygiene as well as for disinfection of medical devices (De Carolis
et al., 2014). Chlorine releasing compounds, which are widely used, cheap and
have a broad antimicrobial spectrum, include sodium hypochlorite or biocide
(Artasensi et al., 2021). Candida parapsilosis is known to form biofilms on
medical devices. The appropriate disinfectant should be able to inhibit biofilm
production on medical devices. Even though sodium hypochlorite is still used
in many settings, several studies have found QACs, acetic acid or hydrogen
peroxide to be more effective than sodium hypochlorite against C. parapsilosis
biofilms (Castro et al., 2023a, Pires et al., 2013).

Although C. parapsilosis sensu lato is not inherently resistant to azoles,
polyenes or echinocandins, which are the drugs commonly used for invasive
candidiasis, there is a documented increase in acquired resistance to these
drugs worldwide (Thomaz et al., 2018) including in SA (Govender et al., 2016).
This applies to both paediatric and adult populations, with the majority of
bloodstream C. parapsilosis isolates resistant to fluconazole (Pammi et al.,
2013). Echinocandins are recommended by national guidelines as first-line
drugs for treatment of candidaemia (Pappas et al., 2016), but fluconazole and
amphotericin B are often used in poor resource settings. In addition, studies
have also shown differences in antifungal susceptibility of the C. parapsilosis

sensu lato species (de Toro et al.,, 2011) (Demirci - Duarte et al., 2021),

highlighting the need to differentiate between the three species.
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1.3 Candida parapsilosis sensu lato

1.3.1 Overview

The genus Candida contains species that are part of the human microbiome,
and may cause invasive candidiasis. The ability to cause infections may have
developed over time. Figure 1 shows various species that make up the genus
Candida, dispersed among several evolutionary clades that also contain
nonpathogenic species (Alves et al., 2020). Over the years, the landscape has
changed from C. albicans to non-albicans Candida (NAC) being the leading
cause of invasive candidiasis (Toth et al.,, 2019a). The five most prevalent
species known to cause invasive infections are C. albicans, C. glabrata, C.
parapsilosis, C. krusei and C. tropicalis (Pappas et al., 2018). In addition, a new
species, C. auris, has emerged as a pathogen in all parts of the world, with
most SA cases reported in the Gauteng province (Govender et al., 2018).
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Figure 1: Evolutionary relationship between Candida species and other yeasts (Alves et al.,
2020).
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Of these species, C. parapsilosis (previously named Monilia parapsilosis)
(Ashford, 1928), has established itself as an important pathogen among
neonates, the population with an immature immune system. The distribution of
these species differs among countries. In SA, a laboratory based surveillance
revealed 36% (143/393) C. parapsilosis cases among the neonates between
the years 2009 to 2010 (Magobo et al., 2017).

Earlier studies reported C. parapsilosis strains to be more genetically
heterogenous than other Candida species (Garcia-Effron et al., 2011, Barbedo
et al., 2017). These studies divided C. parapsilosis strains into groups |, Il and
lll based on differences of randomly amplified polymorphic DNA (RAPD), DNA
sequencing of different genes and morphotyping (Lin et al., 1995). Tavanti and
colleagues performed multilocus sequence typing (MLST) studies and
suggested that the differences amongst the three groups warranted that they
be replaced by species names (i.e. C. parapsilosis sensu stricto, C.
metapsilosis and C. orthopsilosis) rather than groups, as illustrated in figure 1
(Tavanti et al., 2005). Candida parapsilosis sensu stricto is cultured from
majority of clinical infections as compared to C. metapsilosis and C.
orthopsilosis (Chakraborty et al., 2018). The above-mentioned finding differs
across countries and settings and in other studies, C. metapsilosis is not found

among clinical isolates at all (Ziccardi et al., 2015).

on Group Il isolates
oz ® (C. orthopsilosis)

Figure 2: Unrooted radial tree distinguishing the three Candida parapsilosis sensu lato species
(Tavanti et al., 2005).
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1.3.2 Transmission and risk factors

Candida parapsilosis sensu lato is ubiquitous in the environment (Pammi et al.,
2013). The organism is often cultured from hands and the gastrointestinal tract
of humans (Bonassoli et al., 2005, Pammi et al., 2013, Qi et al., 2018a). Ashford
isolated the organism from stools of a patient with diarrhoea years back
(Ashford, 1928). Nosocomial acquisition is largely influenced by contact with
the contaminated environment (Sabino et al.,, 2015) and the hands of
healthcare providers and caregivers (de Paula Menezes et al., 2020); as has
been the case in certain outbreaks (Qi et al., 2018b, Asadzadeh et al., 2019)
though not in others (Miranda et al., 2012). Bonnasoli and colleagues found a
high rate (59.3%) of yeast colonisation on hands of both healthcare workers as
well as community members with no prior exposure to the healthcare setting
(Bonassoli et al., 2005). It is this presence on human hands that may lead to
the transmission in paediatric and neonatal wards. Besides nosocomial
acquisition, of concern is the detection of this opportunistic pathogen in fruits
and vegetables (Glushakova et al., 2023).

Studies specifically looking for risk factors of C. parapsilosis candidaemia have
found the risk factors to be similar to other Candida species (King et al., 2017Db).
Risk factors associated with Candida infections include prematurity, low birth
weight, prolonged use of antibiotics, indwelling central or umbilical venous
catheters (Benjamin et al., 2010, Garzillo et al., 2017) including peritoneal
dialysis catheters (Roy et al., 2021), parenteral nutrition and mechanical
ventilation (Qi et al., 2018b, Juyal et al., 2014, Miranda et al., 2012). Liu and
colleagues found maternal Candida vaginitis, repeated gastrointestinal surgery
and prior use of antibiotics, especially glycopeptide antibiotics, to be associated

with candidaemia in neonates (Liu et al., 2015).

Patients with hematological malignancy and transplants recipients are also at
high risk of fungal infection (Ducassou et al., 2015). The risk is increased during
the induction of chemotherapy in children with acute myeloid leukemia (King et
al., 2017a). Colonisation before the solid organ transplant usually increases the
risk (Danziger-Isakov et al., 2008). Gastrointestinal pathology that may be

congenital, such as atresia or stenosis, and diseases, such as necrotising
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enterocolitis and intestinal obstruction, are common in neonates making them
more at risk, because of the increased likelihood to undergo surgery and
receive parenteral nutrition (Liu et al., 2015).

1.3.3 Virulence factors

Candida albicans virulence factors are well studied, compared to C.
parapsilosis sensu lato. Biofilm formation and secretion of hydrolytic enzymes
have been identified in both species (Pammi et al., 2013), however, different
species of C. parapsilosis senso lato produce hydrolytic enzymes and biofilms
at varying rates (Ataides et al., 2020, Németh et al., 2013). Furthermore, similar
to C. albicans, C. parapsilosis produce eicosanoids which enhances
colonisation (Mendoza et al., 2021).

Candida parapsilosis sensu stricto is generally regarded as the most virulent
species. In the Caenorhabditis elegans infection model, C. parapsilosis sensu
stricto was the highly virulent species, followed by C. orthopsilosis then C.
metapsilosis (Brilhante et al., 2018). Brilhante and colleagues observed
phospholipase and protease production in 55.1 % of C. parapsilosis sensu
stricto, 42.1 % of C. orthopsilosis and 33.3 % of C. metapsilosis isolates
(Brilhante et al., 2018). In contrast to the study by Brilhante and colleagues, the
study by Souza and colleagues found all three species to exhibit similar
virulence (Souza et al., 2018a). There was no statistically significant difference
in the infection groups caused by the C. parapsilosis species complex (Souza
et al., 2018a).

Biofilm formation

A biofilm is a complex layer of cells enclosed in extracellular matrix, that
adheres to surfaces, providing the organism with protection from the host's
defences, as well as antifungal activity (Borges et al., 2018). Biofilm formation
follows adherence to medical devices. This may also be preceded by
colonization of health care workers’ hands, especially where there is a breach
in infection prevention and control (IPC) measures. Biofilms promote persistent

colonization leading to infections as well as increased resistance to
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antimicrobials and is the most remarkable factor in the virulence of C.
parapsilosis (Branco et al., 2021).

Candida parapsilosis biofilms are less complex compared to C. albicans (Kuhn
et al., 2002). The production of biofilms by C. parapsilosis species differs
amongst the species, with majority of C. parapsilosis sensu stricto being biofilm
producers. Cakir and colleagues found 75.6% of C. parapsilosis sensu stricto
strains to be biofilm producers (Cakir et al., 2021) while da Silva and colleagues
found 73% of C. parapsilosis sensu stricto strains to produce biofilms (da Silva
et al., 2015). In the study by de Paula Menezes and colleagues, one isolates of
the 11 C. parapsilosis sensu stricto did not produce biofilms while majority were
able to form biofilms (de Paula Menezes et al., 2020). Of note, majority of the
isolates in these studies are C. parapsilosis sensu stricto. This serves as a
potential area for further research regarding other cryptic species. Da Silva and
coworkers failed to establish a link between biofilm production and the
specimen site nor the secretion of hydrolytic enzymes in the C. parapsilosis
complex species (da Silva et al., 2015). Interestingly, strong biofilm forming
strains of C. parapsilosis complex have a higher mortality rate (71%) than weak
biofilm producing strains (28%) (Tumbarello et al., 2007).

Hydrolytic enzyme secretion

The secreted hydrolytic enzymes namely, phospholipases, aspartyl proteinases
and lipases, facilitate adherence and tissue penetration and hence invasion
(Paula-Mattiello et al., 2017, Pandey et al., 2018). Results regarding the
variable hydrolytic enzyme activity in the three C. parapsilosis cryptic species

is evident in literature.

Phospholipases refer to a diverse enzymes that are able to hydrolyze ester
linkage in glycerophospholipids (Ghannoum, 2000). Candida parapsilosis
secrete phospholipases, but their role in pathogenicity is not as clear as in C.
albicans although they are thought to disrupt host cell membrane (Téth et al.,
2019a). As mentioned earlier, the secretion of phospholipases differ among the
three cryptic species with some studies showing no production by C.
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metapsilosis and C. orthopsilosis (Cakir et al., 2021, Ataides et al., 2020, da
Silva et al., 2015).

Compared to C. albicans, C. parapsilosis produces less aspartyl proteinases
(Trofa et al., 2008). Of the three aspartyl proteinases encoding genes (SAPP1-
3), SAPP1 and SAPP2 are mainly associated with evasion of the immune
system (Toth et al., 2019a). Similar to the phospholipase production, production
of proteases differ among the three cryptic species (Cakir et al., 2021).

Lipases are enzymes that are widely distributed and can naturally catalyze the
hydrolysis of triacylglycerols such as in fats and oils into free fatty acids and
glycerol (Ruba et al., 2019). They contribute to the invasion of C. parapsilosis,
especially products of the lipase encoding genes 1 and 2 (LIP1 and LIP2)
(Renata et al., 2017). The absence of secreted lipases result in decreased
pathogenicity and the inability to survive in macrophages (Téth et al., 2014)
indicating their role in the pathogenesis. This finding was also demonstrated by
Gacser and co-workers through lipase locus deletion (Gacser et al., 2007).

In a study from Brazil, the majority (76%;22/29) of C. parapsilosis sensu stricto
and C. metapsilosis isolates from fomites in hospitals produced proteinases,
while only three were able to produce phospholipases (Paula-Mattiello et al.,
2017). Contrary to the above, Ataides and colleagues found protease activity in
all C. parapsilosis sensu stricto and C. orthopsilosis strains, with 50% of C.
metapsilosis strains not showing any activity (Ataides et al., 2020). The above
could have been as a result of the number of C. orthopsilosis strains (four) used
in the study compared to C. parapsilosis sensu stricto (78) and C. orthopsilosis
strains (five). The strains causing invasive diseases had higher proteinase
activity in general from this study (Ataides et al., 2020). Similarly, phospholipase
and esterase activity also differ among the three species (Cakir et al., 2021).
Whether different habitats have an influence on the production of the enzymes
is not clear, but species biological variations is thought to play a role as seen
with C. dubliniensis and C. albicans (Ge et al., 2011).
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Eicosanoid production

Eicosanoids, such as prostaglandins and leukotrienes, are immunomodulatory
lipid metabolites derived from arachidonic acid, released from cell membranes
by phospholipase (Tanmoy et al., 2018). Eicosanoids are produced by both
mammalian cells and pathogenic fungi and are important for modulating
cytokine signaling and anti-inflammatory activities (Chakraborty et al., 2019).
Pathways leading to the synthesis of eicosanoids in mammals are different from
pathogenic fungi. Candida parapsilosis is able to produce eicosanoids in the
presence of arachidonic acid via the OLE2 independent pathway, with
prostaglandin E2 ( PGE2) and prostaglandin D2 (PGD2) being the most common
(Chakraborty et al., 2019). Three homologous genes (CPARZ2_603600,
CPAR2_807710, CPAR2_800020) to a multicopper oxidase encoding gene
FET3, an acyl-CoA oxidase (POX7-3) and an acyl-CoA thiolase (POT1) are
important in the biosynthesis of eicosanoids by C. parapsilosis (Chakraborty et
al., 2018, Mendoza et al., 2021). Deletion of these genes leads to a decrease
in virulence when compared to the wild type (Chakraborty et al., 2018,
Chakraborty et al., 2019).

1.3.4 Pathogenesis

The use of systemic antibiotics, the breach in the defense system and the
immunosuppression promotes invasive candidiasis (Pappas et al., 2018). The
paediatric population, especially neonates, are prone to invasive candidaemia
due to their compromised skin integrity, their susceptibility to gastrointestinal
infection and the need for invasive medical devices that breach the first line
defenses (Trofa et al., 2008). While the broad-spectrum antibiotics deplete the
normal microbiota that would normally prevent the Candida species
overgrowth, the breach in the defense mechanisms promotes translocation to
the bloodstream and the immunosuppression drives dissemination of the yeast

to other organs (Pappas et al., 2018).

Contaminated hands and environment are the main sources in exogenous
acquisition of C. parapsilosis (Delfino et al., 2014, da Silva et al., 2021) which
is aggravated by the breach in IPC measures. Candida parapsilosis disease

may occur with or without prior colonization and the contaminated external
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sources are responsible for the latter (Trofa et al., 2008). With regards to prior
colonization, the skin (Trofa et al., 2008) and the gastrointestinal tract are the
most colonized sites (Mesquida et al., 2023).

Adhesion is usually the first step involved in pathogenesis of the disease
followed by invasion, evasion and localization or dissemination (dos Santos and
Ishida, 2023) (Figure 3). Candida parapsilosis virulence factors are involved in
the pathogenesis of invasive candidiasis. The agglutinin like sequence proteins
(CPAR2_404800 and CPAR2_404780) assist with adhesion (Satala et al.,
2023). Hydrolytic enzymes, including lipases, facilitate invasion (Renata et al.,
2017), whereas proteinases contribute to evasion of the immune system (Toéth
et al., 2019a). In some infections, the disease is localized while with others
hematogenous dissemination to distant sites does occur such as the eye, brain,
etc.
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Figure 3: Pathogenesis of invasive candidiasis (Pappas et al., 2018).

The ability of C. parapsilosis to colonise skin, proliferate in glucose containing
solutions as well as adhering to plastics promotes line related infections (Liu et
al., 2015, Clancy and Nguyen, 2013). These infections present with higher
blood burdens and thus detected earlier than C. glabrata (Pfeiffer et al., 2011).
The lower C. glabrata burden is attributed to the liver filtration of Candida cells
translocated across the gastrointestinal mucosa (Nguyen et al., 1996). In
addition to line related infections, neonates usually receive lipid rich parenteral

nutrition which promotes adhesion of C. parapsilosis to host cells and lysis of
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the competing microflora (Trofa et al., 2011) thus exposing the neonates to the
invasiveness of this lipase secreting pathogen.

1.3.5 Clinical manifestations

The clinical manifestations of C. parapsilosis remains a challenge because
signs and symptoms are non-specific and clinical manifestations resemble
those of other Candida species. Symptoms such as severe sepsis, septic
shock, disseminated candidemia (Yao-Sheng et al., 2023) to other sites leading
to meningitis, peritonitis, ocular infections, otomycosis, onychomycosis,
vulvovaginitis and urinary tract infections have been reported (Souza et al.,
2018a). Shunt related infections (Bagheri et al., 2010) can occur as well as
ocular manifestations (Li et al., 2016), endocarditis (Jones et al., 2002), and the
involvement of the musculoskeletal system (Han et al., 2022, Gamaletsou et
al., 2016).

In addition, a rare knee joint infection by C. parapsilosis was reported in an
adult patient with no predisposing factors (Wang et al., 2019). Rare sites of
dissemination in paediatric patients include hepatosplenic, cardiac and skeletal
(King et al., 2017a).

A case-controlled study by Liu and colleagues (2015) found non-specific
symptoms such as fever, abdominal pain, vomiting and oedema to be amongst
the main clinical features in neonates with candidaemia (Liu et al., 2015). The
study also found neonates with candidaemia to have high rates of shock,
gastrointestinal and pulmonary haemorrhage as well as multiple organ failure.
In addition, procalcitonin levels of >2 ng/mL, hemoglobin levels of <10 g/, C-
reactive protein levels of >50 mg/l, thrombocytopenia, liver dysfunction,
hypoproteinemia were found to occur in the candidaemia group (Liu et al.,
2015).
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1.3.6 Laboratory diagnosis

Diagnosis of candidiasis can be divided into culture and nonculture methods.
Culture methods include phenotypic identification tests that require cultured
isolates. These include an automated VITEK®2 YST system (bioMérieux Inc,
Marcy I'Etoile, France), matrix assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) (bioMérieux Inc, Marcy I'Etoile, France)
or (Bruker Daltonics, Germany), the analytical profile index (API) 20C
(bioMérieux Inc., Hazelwood, Mo) or API 32C (bioMérieux Inc, Marcy I'Etoile,

France).

Non culture methods include the serology based biomarkers such as 1,3-3-D-
glucan (BDG) which is present in all Candida species, molecular assays such
as multiplex polymerase chain reaction (PCR) methods as well as a novel T2
magnetic resonance Candida species panel which involves both the PCR and
the magnetic resonance (Beyda et al., 2018, Clancy and Nguyen, 2018b).

Correct identification of the C. parapsilosis sensu lato species followed by
susceptibility testing is important because the species are showing an
increasing resistance to azole antifungals. Mortality and morbidity as a results
of invasive C. parapsilosis will be decreased by early identification and early

initiation of the appropriate therapy.

Culture methods

The recommended gold standard diagnostic test for candidaemia is blood
cultures (Clancy and Nguyen, 2013). Automated microbial detection systems,
such as BD Bactec (Becton Dickinson, USA) (Cherkaoui and Schrenzel, 2022)
and BacT/Alert (bioMérieux Inc, Marcy I'Etoile, France) systems, are used in
diagnostic laboratories (Horvath et al., 2004). The automated microbial
detection systems use internal CO. sensors to detect the metabolic activity of
microbes (Marais et al., 2004). Increased fluorescence is evidence for microbial
growth with BD Bactec, whereas the BacT/Alert uses colour change, which is

visualised at the bottom of the bottles (Reisner and Woods, 1999).
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As indicated by Chibabhai, blood is inoculated in the anaerobic and aerobic
bottles (BacT/Alert bottles, bioMerieux) for adults or a paediatric blood culture
bottle (BacT/Alert bottles, bioMerieux) and incubated in the automated
microbial detection system (Chibabhai, 2022). The optimal growth is usually
achieved from the aerobic bottle since the Candida species are aerobic
organisms (Horvath et al., 2004). When the two systems namely; BD Bactec
9240 and BacT/Alert were compared for aerobic and anaerobic media, the
BacT/Alert system performed better than the Bactec in the detection of Candida
species by detecting growth of 90% (135 of 150) of Candida pathogens, while
Bactec detected 66% (100 of 150) (Horvath et al., 2004). Studies, comparing
Candida species detection from paediatric bottles using the two above

mentioned automated systems are lacking.

Isolation of Candida species from blood cultures is specific, although the
sensitivity is low at 50% (Clancy and Nguyen, 2013). This poor sensitivity is
even worse in children, as very low volumes are collected for laboratory
investigations. Blood cultures will not detect Candida species in patients with
deep-seated infections without candidaemia (Clancy and Nguyen, 2018a). In
such patients, the representative specimen such as tissue or fluid aspirate from

the infected site is required.

The selective sabouraud dextrose media is used if the fungal culture is
requested or yeast, as evidenced by the budding oval yeast cells, seen on direct
microscopy of the specimen (Kukhar et al., 2020). Switching of C. parapsilosis
between different colony morphologies have been reported (Gomez-Molero et
al., 2020). The colonies of C. parapsilosis on the selective sabouraud dextrose
media appear white, creamy shiny smooth or may be wrinkled (Trofa et al.,
2008). Another selective and differential medium, CHROMagar Candida
Medium, which relies on the colour change to identify specific Candida species
(Wang et al., 2019), whereby brown colonies indicate C. parapsilosis (Liu et al.,
2015) may be used. Other media such as the cornmeal may be used to
visualize the pseudohyphae of C. parapsilosis (Cordeiro et al., 2018).
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Identification using the cultured colonies performed by the Vitek®2 yeast (YST)
relies on the biochemical profile of the organisms on the database and the API
system relies on assimilation of carbohydrates (Taverna et al., 2013). The
Vitek®2 system has a yeast card for identification as well as a card for
susceptibility testing (Graf et al., 2000). The possibility of identifying C.
parapsilosis as C. famata is one of the downfalls of Vitek®2 (Kim et al., 2015,
Sanguinetti et al., 2007). Identification of the organisms by this system takes
about 15 hours (Graf et al., 2000) whereas susceptibility results mean is 16
hours (Cejudo et al., 2010). The Vitek®2 YST antifungal susceptibility testing
(AST) card is used to test for the azoles: fluconazole and voriconazole, the
polyene: amphotericin B, the echinocandins: caspofungin and micafungin and
lastly the pyrimidine analogue: flucytosine where the spectrophotometry is used
to determine the growth (Borghi et al., 2010).

When compared to the broth microdilution which is the gold standard for
antifungal susceptibility testing (CLSI, 2008), the categorical agreement was
between 80% up to above 95% (Cejudo et al., 2010, Borghi et al., 2010). The
Sensititer YeastOne is another method for antifungal susceptibility testing and
has been compared to the recommended CLSI BMD method. The Sensititer
YeastOne was found to be less laborious with comparable results to the
recommended BMD method except for a few drugs against certain Candida
species (Altinbas et al., 2020).

The MALDI-TOF MS is another rapid identification method that identifies
bacteria and fungi. Species identification is accomplished by mass spectrum
analysis of the crude cell extract within less than 10 minutes for the yeast (Zhao
et al., 2018, De Carolis et al., 2014). The principle of the test is based on the
use of laser to ionise the fungal proteins, creating a spectrum that is
subsequently compared to the database (Natacha et al., 2022). The National
Health Laboratory Services (NHLS) has recently introduced the MALDI-TOF
MS (bioMérieux Inc, Marcy I'Etoile, France) in some high work volume
laboratories. The test accurately identifies C. parapsilosis without differentiation
of the three cryptic species. De Carolis and colleagues investigated the
possibility of using the MALDI-TOF MS (Bruker Daltonics, Germany) as a
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potential method to identify the three cryptic species and concluded that
through modification such as addition of mass spectrums for species in the
database, the identification can be achieved (De Carolis et al., 2014). A review
article by Chen and colleagues showed that most studies that looked at the
accuracy of MALDI TOF MS found the accuracy to be above 90% (Chen et al.,
2021).

The latest addition to the rapid identification methods is a BioFire® FilmArray®
(bioMérieux Inc, Marcy I'Etoile, France) syndromic automated nested multiplex
real-time PCR assay that is US FDA approved with the ability to identify C.
parapsilosis from blood culture that flagged positive (Kang et al., 2020). The
assay has a turnaround time of one hour, thus promoting early antifungal
therapy initiation (Kang et al., 2020, Jones et al., 2022). Rhoads and colleagues
recorded a sensitivity of 100% and specificity of 99.9% for the BioFire®
bloodculture panel identification of C. parapsilosis (Rhoads Daniel et al., 2023).

The above-mentioned tests cannot differentiate the C. parapsilosis sensu lato
species due to similar colony morphology and biochemical profiles. Cordeiro
and co-workers (2018) studied the phenotypic driven strategies and found that
C. orthopsilosis grows poorly at pH 7 and in 15% NaCl, compared to the other
two species (Cordeiro et al., 2018). This method is however not sufficient to
conclude on the identification of the three species.

Nonculture methods

Biomarkers exist as adjuncts to the diagnosis of invasive fungal infections.
These include galactomannan (GM) for Aspergillus species and the 1,3-p-D-
glucan (BDG) which is present in all Candida species (Huppler et al., 2017).
There are few studies on BDG utility in paediatrics and the optimal cut-off for
the BDG assay in paediatric patients is not as well defined as in adults
(Ferreras-Antolin et al., 2022). The use of this biomarker in children is
complicated by the detection of the higher BDG levels in some healthy children
(Smith et al., 2007). However, the small amount of blood required for the test
makes it more favorable for use in the neonatal population (Ferreras-Antolin et
al., 2022).
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In paediatric patients with hematogenous Candida meningoencephalitis
(HCME), cerebrospinal fluid (CSF) BDG levels are useful. The levels correlate
well with the infection and decrease with appropriate therapy (Walsh et al.,
2019). The utility of these biomarkers were extensively studied in adults and
extrapolation of the data to children should be considered with care (Ziccardi et
al., 2015). The test also has low sensitivity in oncology patients who received
preemptive echinocandins (Cohen et al., 2020) due to the drug inhibiting the
BDG synthase (Guitard et al., 2016). While factors such as antibiotics use and
the presence of bacteremia cause false positive results, the true positive results
are not specific to candidiasis since BDG is also present in the cell wall of other
fungi (Clancy and Nguyen, 2013). Furthermore, C. parapsilosis produces low
levels of BDG (57 pg/mL) and this might reduce the sensitivity of the BDG assay
(Mikulska et al., 2024).

The T2 magnetic resonance (T2MR) Candida species panel (T2 Biosystems,
Lexington, MA) is one of the novel tests cleared by the United States Food and
Drug Administration (U.S. FDA) for direct rapid diagnosis of invasive
candidiasis (Hamula et al., 2016). This non culture polymerase chain reaction
(PCR) cartridge based and nuclear magnetic resonance (NMR) system is used
to identify C. albicans and the four NAC species, namely C. parapsilosis, C.
glabrata, C. tropicalis and C. krusei (Clancy and Nguyen, 2019). The sensitivity
of the test for Candida species ranges between 91% to above 95% (Krifors et
al., 2022, Turner et al., 2017). About 3-5 mL of the whole blood is pipetted
directly into the instrument and the results are available within five hours (Walsh
et al., 2019).

Although it has been extensively studied on adults, few studies are conducted
on paediatric patients with low volume specimens. Children between five and
seven years were included in the study conducted by Hamula and colleagues
(Hamula et al., 2016). The panel overcomes the challenges of small blood
samples from paediatric patients, as it can efficiently diagnose candidaemia
when small blood volumes are used. In addition, the test was shown to
overcome other challenges such as low sensitivity , due to the patient having

started antifungal treatment before specimen collection, as well as the
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prolonged turnaround time due to the incubation of the blood culture bottles
(Lucignano et al., 2022). This test cannot differentiate between the three cryptic
species (Mylonakis et al., 2015).

Typing methods

Different molecular methods exist to differentiate the three species, identify
resistance genes, and study the genetic relatedness during the outbreaks.
Microsatellite length polymorphism (MLP) is commonly used worldwide (Wang
et al., 2016) and is highly reproducible, discriminant (99.9%) and easily
automated (Cordeiro et al., 2018). The method is based on amplification of di-
to pentanucleotide tandem repeats located at several loci in the genome
(Stefaniuk et al., 2016). Four to six different species specific markers (CP1,
CP4, CP6, B2, 3A, 3B, 3C, 6A, 6B, 6C) have been used in literature (Wang et
al., 2016, Barbedo et al., 2017, Hilmioglu-Polat et al., 2018).

Tavanti and coworkers used the multilocus sequence typing (MLST) to name
the three species (Tavanti et al., 2005). The Banl restriction pattern of the
secondary alcohol dehydrogenase (SADH) gene allows the discrimination by
generation of two fragments for C. parapsilosis sensu stricto, four fragments for
C. metapsilosis, and no restriction site for C. orthopsilosis (Tavanti et al., 2005).

Other methods such as the randomly amplified polymorphic DNA (RAPD), the
restriction fragment length polymorphism (RFLP) have been used in various
studies (de Toro et al., 2011, Romeo et al., 2012, Pakshir et al., 2018). Several
studies have used RAPD for C. parapsilosis speciation (Badali et al., 2017,
Sakita et al., 2017) and for strain typing (Tay et al., 2009). The VII-1 type has
been described as the most recovered from patients (van Asbeck et al., 2008).
This method is less labour intensive than RFLP, less costly and can be
performed on unknown DNA sequences (Alanio et al., 2017). A single short
primer (Tay et al., 2009) or multiple primers (Alanio et al., 2017) are used for
amplification.

Restriction fragment length polymorphism is based on deoxyribonucleic acid
(DNA) digestion by restriction enzymes, southern blotting and radiolabelled
probe hybridization (Wang et al., 2016). Since the discriminatory power of RFLP
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depends on the digestion profiles and number of used restriction enzymes, this
method may not identify all yeasts (Karimi et al., 2015, Alanio et al., 2017). The
method is also labour intensive and not reproducible between different
laboratories (Alanio et al., 2017). In a study conducted by Thomaz and co-
workers (2018) RFLP was used to identify C. parapsilosis species, followed by
MLP to genotype the strains in an outbreak. Similarly, Barbedo and colleagues
(2016) were able to quickly and accurately identify C. parapsilosis using RFLP.

Magobo and coworkers identified the C. parapsilosis using sequence analysis
of the internal transcribed spacer (ITS) domain of the multi-copy ribosomal RNA
gene and were able to show the dominant genotypes in certain hospitals using
this method. Using Microsatellite/STR genotyping method the study showed
molecular evidence of undetectable outbreaks and also evidence that certain
clusters were more prone to fluconazole resistance (Magobo et al., 2017).
Internal transcribed space sequencing was proposed to be the primary fungal
barcode marker (Schoch et al., 2012). However, the D1/D2 sequencing seemed
to be more successful than ITS region sequencing in a study by Taverna and
colleagues where 12 isolates yielded an illegible ITS chromatograph (Taverna
et al., 2013).

Whole genome sequencing is important in outbreak settings as it can detect
the clusters (Guinea et al., 2021) as well as resistance genes (Daneshnia et al.,
2023b). This methodology is however limited by costs for routine use in the

diagnostic laboratories.

1.3.7 Management of infection

The appropriate use of antifungal agents, source control and the strict
adherence to infection prevention and control measures are important in the
management of fungal infections (Peixoto et al., 2023, Han et al., 2022). There
are main classes of antifungals include the azoles, polyenes and

echinocandins.

Azole drugs include the most commonly used fluconazole and voriconazole.
They act by inhibiting ergosterol synthesis and have been used extensively in

paediatric patients for empiric therapy and for fluconazole-susceptible isolates
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(Lee et al, 2023). Mechanisms of resistance include drug target over
expression, drug target alteration and efflux pumps (Berkow and Lockhart,
2017). Majority of resistance is however driven by alterations in the ERG11
gene, mainly the Y132F amino acid substitution (Escribano and Guinea, 2022).
Other triazoles, such as itraconazole, have not been well studied for invasive
candidiasis (Pappas et al., 2016). Resistance to fluconazole among the C.
parapsilosis is reported to be on the rise in different countries such as India
(Singh, 2017), Brazil (Thomaz et al., 2022), United States of America (Moudgal
et al., 2005) including SA (Govender et al., 2016, Magobo et al., 2017).

The polyene group of antifungals include amphotericin B deoxycholate and the
liposomal formulations. The use of amphotericin B as an empiric drug is
important, especially with the increasing fluconazole MICs observed amongst
the C. parapsilosis isolates. Amphotericin B, act by binding to ergosterol,
creating pores in the cell wall, eventually leading to leakage of ions and cell
death. Mechanisms of resistance is rare and may be as a result of mutations in

the ergosterol biosynthesis genes (Lee et al., 2023).

Echinocandins group includes caspofungin, micafungin and anidulafungin.
They act by inhibiting 1,3-B- D-glucan synthesis in the fungal cell wall and their
resistance is mainly by mutations in the drug target gene, FKS7 (Lee et al,,
2023). The use of echinocandins in the paediatric population is currently
extensively researched. Both caspofungin and micafungin are FDA approved
for use in children (Pappas et al., 2016). Furthermore, they have less side
effects than amphotericin B (Mora-Duarte et al., 2002). Micafungin is well
tolerated by neonates with invasive candidiasis and studies are forthcoming
regarding the use of higher dosage to achieve good outcomes (Thomaz et al.,
2018). Elevated caspofungin MICs have been reported against C. parapsilosis
and although the drug is effective against biofilms in vivo, the effectiveness in
vitro is questionable (Devrim et al., 2016). There is little information about
anidulafungin, as more studies are needed regarding the safety of its use in

neonates with invasive candidiasis.

Like the situation with antibacterial agents, there are few novel antifungal
agents in the pipeline. A first member of the “gepix” antifungal groups with a
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novel mechanism of action called manogepix/fosmanogepix is currently in
clinical development for treatment of invasive fungal infections (Covel et al.,
2019, Hodges et al., 2023). The administration of this novel antifungal is both
orally and intravenously with a broad-spectrum of activity against yeasts,
moulds and multidrug resistant fungi (Hodges et al., 2023).

Studies have shown differences in antifungal susceptibility of the three related
C. parapsilosis sensu lato species (van Asbeck et al., 2008, Alanio et al., 2017,
Trobajo-Sanmartin et al., 2018). Candida parapsilosis sensu lato is not
inherently resistant to azoles, polyenes or echinocandins, the drugs commonly
used for invasive candidiasis. However, there is documented increase in
minimum inhibitory concentration (MIC) of the antifungal drugs worldwide in

both paediatric and adult populations (Thomaz et al., 2018).

Treatment of invasive candidiasis has changed dramatically in the past.
Fluconazole and amphotericin B have been used for the treatment of
candidiasis for many years. The Infectious Diseases Society of America (IDSA)
guidelines recommend echinocandins as the first-line empiric therapy for fungal
infections (Pappas et al., 2016). For neonatal candidiasis, amphotericin B and
fluconazole are acceptable drugs for invasive candidiasis in the absence of
echinocandins. Moreover, the risk of nephrotoxicity associated with

amphotericin B does not seem to be high in neonates (Castro et al., 2023a).

Candida parapsilosis is transmitted by contact and therefore, intensified contact
precautionary measures should be in place to limit its spread in the hospital
wards or units. Prevention measures include hand hygiene, daily cleaning or
disinfection of the surrounding area and medical equipment, terminal cleaning
and cohorting of patients. Routine screening of patients admitted in ICU (Fekkar
et al., 2023), education, cohorting, environmental screening and cleaning (Qi et
al., 2018b) have been implemented to stop the spread of the organism in the
wards. In low to middle income countries, hand hygiene may be the only option
in reducing health care associated infections due to few isolation rooms (Haque
et al., 2020). Alcohol hand rubs are advised as part of hand hygiene to prevent
the spread of C. parapsilosis (Fekkar et al., 2023) but have been used in other
outbreaks with no success against fluconazole-resistant C. parapsilosis
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(Thomaz et al., 2022) suggesting that they may not be effective against the
resistant strains of C. parapsilosis.

Studies on disinfectants resistance or antifungal action against Candida
species have focused more on C. albicans. Studies directed specifically at C.
parapsilosis are only starting to come up. Chlorine based disinfectant (biocide)
is used at the study setting for disinfection of the surfaces. Abdolrasouli and
colleagues demonstrated that chlorine-releasing compound called Chlor—
clean, effectively killed Candida species at concentrations used in clinical
practice (1000ppm) but failed to kill C. parapsilosis American type culture
collection (ATCC) 22019 strain (Abdolrasouli et al., 2017). Another study
indicated that the standard current biocide (sodium hypochlorite, 500 ppm or
0.5 glliter) might not be effective to inhibit Candida biofilm production as
compared to other disinfectants, such as acetic acid and hydrogen peroxide
(Pires et al., 2013). A study by Castro and colleagues showed that the most
effective sanitizers against C. parapsilosis biofilms are based on quaternary
ammonium compounds (QACs) and orthophthalaldehyde (OPA) (Castro et al.,
2023a). A greater focus on C. parapsilosis will be important especially in this
era of disinfectants resistant and azole-resistant C. parapsilosis.

1.4 PROBLEM STATEMENT

Several studies indicate that the prevalence of C. parapsilosis cryptic species
to differ according to the setting and age. Furthermore, some studies report that
the extent of production of the virulence factors of the three cryptic species differ
with C. parapsilosis sensu stricto being the most common and virulent, although
there are contradictions in literature. Most studies are however in agreement
that C. parapsilosis invasive disease is increasing among the paediatric
population, especially the neonates with an increase in the triazole resistance.

Maijority of C. parapsilosis sensu lato isolates cultured at Universitas Medical
Microbiology laboratory are from neonatal wards. These are patients with risk
factors such as prematurity, very low or low birth weight, exposure to broad
spectrum antibiotics, invasive devices and total parenteral nutrition. Speciation

of C. parapsilosis sensu lato species at Universitas Medical Microbiology
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laboratory has not been performed before. It is therefore not known which of
the three C. parapsilosis sensu lato species are circulating in the neonatal
wards. Differentiation of the circulating species will help to better understand
the different virulence factors as well as antifungal susceptibility pattern or
behaviour of the circulating strain(s). This might further assist in explaining why

C. parapsilosis is outranking C. albicans in this population.

1.5 RESEARCH AIM

The aim is to identify the species and specific strains of C. parapsilosis sensu
lato cultured from neonatal and paediatric patients at Universitas Academic
Hospital and to determine their virulence potential. The data obtained and the

clinical outcome of patients will be correlated.

1.6 RESEARCH OBJECTIVES

a) Collection of all stored Candida parapsilosis sensu lato blood culture
isolates sent for routine laboratory testing and identified as C.
parapsilosis using Vitek®2 (bioMérieux Inc, Marcy I'Etoile, France).

b) Species identification/differentiation using D1/D2 region sequencing.

c) Extraction and analyses of Vitek®2 (bioMérieux Inc, Marcy I'Etoile,
France) antifungal susceptibility data, patients’ demographics from
National Health Laboratory Service (NHLS) TrakCare system and
clinical information from the hospital clinical notes to obtain:

e Gestational age

e Birth weight

e Congenital lethal conditions

e Medical devices

e Medication

e Outcome (Mortality before discharge/discharged)
d) Determination of isolates’ susceptibility to chlorine based disinfectant.
e) Determination of in vitro production of virulence factors:

e Biofilm formation

e Hydrolytic enzymes (phospholipase, lipase, proteases)

e Prostaglandin E2 production
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f) Determination of relative virulence in the Caenorhabditis elegans infection
model.
g) Candida parapsilosis strains whole genome sequencing to determine the

relatedness and possible genetic determinants of drug resistance.
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CHAPTER 2: IN VITRO CHARACTERIZATION OF
VIRULENCE FACTORS

21 ABSTRACT

Introduction:

Candida parapsilosis is one of the non-Candida albicans species affecting
neonates because of the many risk factors neonates have such as being pre-
term, having low birth weight, being on parenteral nutrition, having
gastrointestinal pathology, the use of systemic antibiotics and invasive medical

devices. The organism produces varying degrees of virulence factors.

Aim:

This study aims to identify the species and specific strains of C. parapsilosis
sensu lato cultured from neonatal and paediatric patients at Universitas
Academic Hospital and to determine their virulence potential. Correlation
between the strains’ data and the clinical outcome of patients will be examined.

Methodology:

Methodology included species identification using D1/D2 sequencing. The
clinical records were reviewed, information of the time to positivity, species
identification, antifungal susceptibility testing results and patients’
demographics were also retrieved from TrackCare. The chlorine-based
disinfectant, namely QualiClean (QualiPharm, New Germany) used in the
hospital setting at 1000 ppm for surface disinfection was tested against all the
20 strains to determine their susceptibility to the disinfectant. Crystal violet
assay was performed to determine the biomass of the respective biofilms. For
hydrolytic enzymes secretion, tributyrin agar was used for lipase activity, yeast
carbon base bovine serum albumin agar for protease activity and the
sabauraud dextrose agar (SDA) supplemented with 8% egg yolk for
phospholipase activity. The prostaglandin E, production was determined by
using the enzyme-linked immunosorbent assay (ELISA; Cayman Chemicals,

Ann Arbour, USA) according to the manufacturer’s instructions. The biological
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method described by Brenner (Brenner, 1974) was followed for in vivo relative
virulence in Caenorhabditis elegans.

Results:

The strains were identified as Candida parapsilosis sensu stricto. Ninety
percent of blood cultures had a time to positivity of 48 hours with 80% of the
strains showing resistance to fluconazole as well as intermediate resistance to
voriconazole. For 70% of the strains, resistance to fluconazole and intermediate
resistance to voriconazole was observed. In addition, the QualiClean
disinfectant did not effectively inhibit any of the strains. Fifty-five percent of the
patients were from neonatal intensive care unit followed by 35% from neonatal
high care and 10% from paediatrics wards. Eighty percent of the patients were
males. Forty-one percent of the patients were categorized as very low birth
weight and 55% delivered via caesarian section. The study population had
multiple risk factors including the presence of invasive devices, total parenteral
nutrition, gastrointestinal pathology, and the use of systemic antibiotics. The
deaths were recorded for 47% of the patients. The strains produced biofilms,
proteases, phospholipases, and prostaglandin E in varying quantities. The
three C. parapsilosis strains tested for their virulence in C. elegans, killed the
nematodes rapidly when compared to the C. albicans ATCC SC5314 strain.

Conclusion:

The results imply that the C. parapsilosis sensu stricto is the circulating species
with majority of isolates resistant to fluconazole, suggesting that fluconazole
should not be used as the empiric therapy among this population. All strains
were virulent and resisted the action of the disinfectant. The contact time will
need to be increased or alternatively, a different disinfectant should be used.
Hand hygiene is also to be intensified.
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2.2 INTRODUCTION

Invasive fungal infections remain a leading cause of morbidity and mortality
among preterm (< 40 weeks gestation) and low birth weight (<1500g) neonates
(Zhou et al., 2023). These neonates have under-developed epithelial barriers,
have been exposed to broad-spectrum antibiotics, have been on parenteral
nutrition and frequently undergo invasive procedures (Weimer et al., 2022,
Wang et al., 2023).

Blood cultures are still commonly used for the diagnosis of invasive fungal
infections, despite their low sensitivity of about 50% (Fang et al., 2023). The
time to positivity may be influenced by the fungal load, particularly since a small
amount of blood is obtained from the neonates, subsequently leading to
delayed positive blood cultures and the start of appropriate therapy (Wilson,
2020). In addition to yeasts being slow growers, prior antifungal use may further
affect the recovery of fungal species, hence it is advisable to obtain cultures
before initiating therapy (Rhodes et al., 2017). The VITEK®2 (bioMérieux Inc,
Marcy I'Etoile, France) system or the matrix-assisted laser desorption/ionization
time of flight (MALDITOF) (bioMérieux Inc, Marcy I'Etoile, France or Bruker
Daltonics, Germany) analysers are the two systems currently used in the
National Health Laboratory Services (NHLS) for the identification of pathogens,
while only the VITEK®2 is used for susceptibility testing.

Candida parapsilosis sensu lato is a complex comprising of C. parapsilosis
sensu stricto, C. orthopsilosis and C. metapsilosis. The former two species are
more prevalent in critical care units (Peixoto et al., 2023). The currently
available routine identification methods mentioned above, can only identify the
organism as C. parapsilosis and does not differentiate between the three
species. Although molecular methods are not routinely used for clinical
diagnosis, they may be used for surveillance and research purposes to
differentiate the three species. The deoxyribonucleic acid (DNA) sequencing of
the D1/D2 region of the large subunit (LSU) of the 28S rDNA is one of the
methods that can differentiate the three species with high (> 98%) similarity

percentages (Barbedo et al., 2017).
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Candida parapsilosis has no known intrinsic resistance to the available
antifungals such as the azoles, the polyenes and the echinocandins. However,
C. parapsilosis has recently started to show increased minimum inhibitory
concentrations (MIC) to azoles. From the South African laboratory-based
sentinel study by Magobo and colleagues done between the year 2009 and
2010, 54% of the strains were resistant to fluconazole while 14% of the strains
were resistance to voriconazole (Magobo et al., 2017). In another South African
surveillance study by Govender and colleagues (2016), only 199 of the 531
(37%) C. parapsilosis strains were sensitive to fluconazole and voriconazole
with cross resistance observed (Govender et al., 2016). This increase in the
MIC of azoles is not only a finding in South Africa but also in other countries
such as Spain (Escribano and Guinea, 2022), France (Fekkar et al., 2023) and
Brazil (Thomaz et al., 2018) to mention a few.

Chlorine-based detergents are often used in healthcare facilities to clean the
environment, so as to reduce the burden of organisms. The effectiveness of
these chlorine-based detergents have been questioned, leading to the
quaternary ammonium compounds (QACs) and orthophthalaldehyde (OPA)
being suggested as the better options (Castro et al., 2023b).

Candida parapsilosis biofilms, comprising of pseudohyphae and yeast cells
(Malinovska et al., 2023) allow the organism to successfully evade the action
of antifungals (Fanning and Mitchell, 2012). In addition to being a successful
biofilm producer, the organism secretes hydrolytic enzymes (Pandey et al.,
2018) and produces immunomodulatory prostaglandin E> (Chakraborty et al.,
2019). All these may assist the organism in the processes of pathogenicity such

as the attachment, invasion, evasion and dissemination of the infection.

Several host models have been used and discussed in literature for studying
fungal virulence (Junqueira, 2012, Casadevall et al.,, 2019, Fuchs and
Mylonakis, 2006). Candida parapsilosis has shown in vivo virulence in
Caenorhabditis elegans, a microscopic nematode that lives freely in soil (Feistel
et al., 2019). The use of this nematode to measure host survival and rate of
reproduction is relevant because of the homology of its innate immune system

to that of humans (Irazoqui et al., 2010). In addition, the translucent nature of
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C. elegans allows for the real-time tracking of infection and illness progression
(Irazoqui et al., 2010).

In this study, the patients’ clinical notes were analysed for demographics
including risk factors and patient outcomes. Blood culture specimens’ time to
positivity for the previously stored C. parapsilosis strains was analysed as well
as the strains’ susceptibility to antifungal agents and chlorine-based
disinfectant. The production of in vitro virulence factors of the strains were
determined and the relative virulence of three selected strains in the C. elegans

infection model was determined.

2.3 MATERIALS AND METHODS

2.3.1 Study setting

The study was conducted at the department of Microbial, Biochemical and Food
Biotechnology, University of the Free State, Bloemfontein.

2.3.2 Study design

This was a retrospective cross sectional laboratory based study.

2.3.3 Study samples

Candida parapsilosis was identified on Vitek®2 (bioMérieux Inc, Marcy I'Etoile,
France), from invasive clinical samples sent for routine laboratory diagnosis to
the Medical Microbiology laboratory from Universitas Academic hospital’'s

neonatal and paediatric wards, were studied.

2.3.4 Sample size and storage

A sample size of approximately 30 was estimated based on the numbers from
the previous years however, only 21 strains were obtained. Of these 21 strains,
two belonged to one patient. Therefore, 20 patients’ strains were obtained. The
Candida parapsilosis strains used for the study were those already stored in
the laboratory at -80°C from the year 2018 to 2020.
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The patients were admitted in the paediatric wards at the Universitas Academic
Hospital, Bloemfontein, South Africa. They included neonates as well as other
paediatrics patients. These were patients suspected to have candidemia and
thus had blood cultures submitted to the laboratory for Microbiological

investigations.

2.3.5 Data collection

Data obtained from Vitek®2 (bioMérieux Inc, Marcy I'Etoile, France) as well as
patients’ demographic data and clinical information from patient clinical files
were recorded on an Excel sheet for analysis. No patient names were recorded.

Only study numbers were used.

2.3.6 Ethical clearance

Ethical approval to perform the study was granted by the University of the Free
State’s Health Sciences Research Ethics Committee (Ethics Number: UFS-
HSD2020/1856/2601). Permission to use the isolates was granted by the NHLS
Universitas Laboratory Business unit, Head of pathology as well as the head of
Medical Microbiology department and department of Biotechnology,
Microbiology & Biochemistry. The Free State (FS) Department of Health (DoH)
granted permission for access to clinical data. The Biosafety ethics committee
granted approval to the study and there was already an authorization to keep,

use or handle cultures or preparations of microorganisms (Ref J1/2/4/2 01/19).

2.3.7 Collection and identification of strains

Collection of strains

All the blood cultures submitted to the Department of Medical Microbiology,
National Health Laboratory services, Universitas Academic Hospital,
Bloemfontein, South Africa are routinely incubated in the BacT/Alert
(bioMérieux Inc, Marcy I'Etoile, France) automated system. The system uses
internal CO> sensors to detect the metabolic activity of yeasts and flag the
positive blood cultures for further processing by the laboratory personnel to
obtain the identification and susceptibility testing results using the cultured

colonies.
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All Candida parapsilosis strains as identified by Vitek®2 (bioMérieux Inc, Marcy
I'Etoile, France) from blood culture sent for routine laboratory testing and stored
at -80°C were used for the study. These were in total 20 blood cultures from the

neonatal and paediatrics wards.

Identification of strains

Genomic DNA extraction of all the presumptive C. parapsilosis strains was
done using Quick DNA kit (Zymo Research). The extracted DNA was then
referred to the DNA Sequencing Unit at the University of Stellenbosch for
sequencing of D1/D2 region of the LSU 28S rDNA gene. The D1/D2 sequences
obtained from University of Stellenbosch sequencing facility were compared by
nucleotide-BLAST (Blastn) with sequences available from National Center for

Biotechnology Information (NCBI) GenBank.

2.3.8 Retrospective extraction of time to positivity of blood
cultures, minimum inhibitory concentration (MIC) results
for antifungals and demographics of patients

For the stored C. parapsilosis strains, data was extracted from the National

Health Laboratory Service (NHLS) TrakCare system to obtain the time to

positivity, patients’ demographics, Vitek®2 identification, antifungal

susceptibility testing results, as well as the blood cultures’ time to positivity
and recorded on the Excel sheet (Appendix A). The clinical and laboratory
standards institute (CLSI) M60 guideline (2017) 15t edition was used to interpret
the VITEK®2 susceptibility, minimum inhibitory concentration (MIC), results for
antifungals (CLSI, 2017) .

Clinical notes were requested from the Universitas Academic hospital to extract
the gestational age, birth weight, any congenital lethal conditions, risk factors
such as use of medical devices, the prescribed antifungal therapy as well as
the outcome of the patients (Mortality before discharge/discharged). These
were all recorded on the Excel sheet.
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2.3.9 Determination of susceptibility to chlorine-based

disinfectant used in the hospital

The chlorine-based disinfectant, QualiClean (QualiPharm, New Germany) used
in the hospital setting at 1000 ppm for surface disinfection, was tested against
all the obtained strains of C. parapsilosis and C. albicans SC5314 by following
the method of Abdolrasouli and colleagues with minor modifications
(Abdolrasouli et al., 2017). In brief, the strains were sub-cultured onto
sabauraud dextrose agar (SDA) (Thermofischer Scientific) and incubated at 35
+ 2°C in ambient air for 48 hours to ensure adequate growth. Four sachets of
the 6 g QualiClean disinfectant powder were suspended in 1.125 L of sterile
distilled water to prepare a stock concentration of 8000 ppm. The mixture was
mixed well to completely dissolve the powder. Chlorine is the active ingredient
in the disinfectant.

The QualiClean stock concentration was further diluted to a working
concentration of 4000 ppm. A two-fold broth microdilution assay was used to
dilute the disinfectant at a concentration ranging from 4000 ppm to 31.5 ppm in
a flat-bottom 96-well microtitre plate (Lasec, South Africa). All the outer wells of
the microtiter plates were filled with 200 pl of distilled water to prevent drying.
Three to four colonies of the yeast isolates were diluted in 5 mL of 0.85% sterile
saline to create a suspension and then adjusted to 0.5 McFarland standard
corresponding to 1-5 x10® CFU/mL using a Densichek (bioMerieux, France).
Twenty microlitres of the cell suspension of each yeast isolate was added to
the wells containing different concentration of the disinfectant, mixed and
incubated for 3 minutes, 30 minutes, 3 hours and 30 hours at 25°C on a
continuous shaker. Wells 10 and 11 served as the positive control and negative
control respectively. The C. albicans SC5314 was used at the positive control
and the sterile distilled water as the negative control. At each time point, 5 pl
aliquots were taken, plated onto the SDA , each plate wrapped with a parafilm
and incubated for seven days at 35 + 2°C. Viability of yeast cells was
determined by the presence or absence of visible colonies. Each isolate was
tested in duplicate. Minimum inhibitory concentration (MIC) of the disinfectant
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at each time point was defined as the lowest concentration at which no growth
was observed (i.e. 100% inhibition).

2.3.10 In vitro production of virulence factors

Biofilm formation

The method used for this assay was modified from the methods described by
Djordjevic and colleagues (Djordjevic et al., 2002) as well as Jin and colleagues
(Jin et al., 2003). All the strains of C. parapsilosis as well as the C. albicans
SC5314 were grown on the Yeast Malt (YM) agar (3 g/L malt extract, 3 g/L yeast
extract, 5 g/L peptone, 10 g/L glucose and 16 g/L agar) for 24 hours at 30°C.
Strains were subsequently inoculated into 10 mL yeast nitrogen base (YNB)
broth (10 g/L glucose, 6.7 g/L YNB) and incubated at 30°C for 24 hours. Cells
were harvested at 4000 g for five minutes and the supernatant removed. This
was followed by washing the cells thrice with 10 mL phosphate buffered saline
(PBS) (Sigma-Aldrich, USA).

Harvested cells were resuspended in 10 mL PBS, counted using a Neubauer

hemocytometer (Marienfield, Germany) and standardised to 1 x 100 cells/mL
in 0.2 mL filter sterilized (0.22 uM nitrocellulose filter, Merck Millipore, Ireland)
RPMI-1640 medium (Sigma-Aldrich, USA). The 96-well plates were inoculated
with the determined amount of cell suspension (per individual isolate) and filled
to a final volume of 200 puL with RPMI-1640. Plates were wrapped with parafilm
and incubated at 37°C for 48 hours. After incubation of the plates, the crystal
violet assay was performed to determine the biomass of the respective biofilms.
After 48 hours of incubation, the supernatants were removed from the 96-well
plate. The biofilms were carefully washed twice with 200 uL sterile PBS and the
wells air dried for 45 minutes. Cells were stained with 110 pL crystal violet for
45 minutes. This was followed by washing the cells three times with distilled
water. De-staining the wells with 200uL of 95% ethanol for 45 minutes was
subsequently performed. An aliquot (100uL) from each well was transferred to
a new labelled 96-well plate and the absorbance measured at 595 nm. Strains

were further categorised into low (ODsgsnm < 0.3), moderate (ODsgsnm = 0.31-
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0.59) and high (ODsgsnm >0.60) biofilm producers depending on their
absorbance. All assays were performed in triplicate.

Hydrolytic enzyme secretion

A plate method as previously described by Price and colleagues was used for
hydrolytic enzyme secretion (Price et al., 1982). A volume of 3 yL from the

standardised cell suspension (1 x 106 cells/mL) was added in the centre of the
following three media: tributyrin agar for lipase activity (Buzzini and Martini,
2002), yeast carbon base bovine serum albumin (YCB-BSA) agar for proteases
activity (Ramos et al., 2015) and SDA supplemented with 8% egg yolk for
phospholipase activity (Price et al., 1982, Williamson et al., 1986). Plates were
incubated for five days at 37°C and checked regularly for the
clearance/precipitation zones. The Pz value (i.e., diameter of the colony divided
by diameter of the colony-plus-zone) was determined, with a Pz value of 1
indicating no enzyme activity and that of <1 suggesting some degree of activity
(Riceto et al., 2015). The results were further divided into three categories: high
activity (Pz = <0.40), moderate activity (Pz = 0.41 and 0.60) and the low activity
(Pz =0.61 and 0.99). All assays were performed in triplicate.

Prostaglandin E: production

Cells were grown, standardised and biofilms prepared as described above, in
90 mm polystyrene Petri-dishes. In addition to the cells, a final concentration of
500uM of arachidonic acid (Sigma-Aldrich, USA) (Stock of 1 g in 25 mL of
absolute ethanol) was added to each Petri dish containing medium plus cells
(Ells et al., 2011; Fourie et al., 2017). Petri dishes were covered with parafilm
and incubated for 48 hours at 37°C to allow biofilm formation. Following
incubation, biofilms were scraped off and filtered through pre-weighed filters
(0.22 uM nitrocellulose). The supernatant was collected in 50 mL conical tubes
(Corning Incorporation, USA) and kept on ice. Collected supernatants were
acidified with 1M formic acid to a pH of less than 4. Solid-phase extraction
(SPE) C18 cartridges (Waters, South Africa) were washed with 5 mL methanol
(Merck, Germany) then 5 mL of deionised water. Subsequently, 10 mL of
collected supernatants were applied and allowed to flow through the cartridges
by gravity. This was followed by 5mL of deionised water to remove the non-
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bound impurities. Prostaglandin E, was extracted from the columns with 5 mL
ethyl acetate, containing 1% methanol, and collected in vials covered with foil
to protect from light. The eluent was dried under a stream of nitrogen gas, and
dried samples were stored at - 80°C. The pre weighed filters containing the
biomass were dried at 37°C for 48 hours and weighed to determine the biofilm

biomass.

To determine the concentration of PGE: in the supernatant, the thawed
supernatant was suspended in eicosanoid affinity (EIA) buffer and assayed for
using enzyme-linked immunosorbent assay (ELISA; Cayman Chemicals, Ann
Arbour, USA) according to the manufacturer’s instructions. Two dilutions, done
in triplicate, were assayed for individual strains. Values obtained from the
control, consisting of only arachidonic acid without cells, were subtracted from
experimental samples to remove values of non-enzymatic oxidation of

arachidonic acid. Data was analyzed according to manufacturer's instruction.

2.3.11 Virulence in Caenorhabditis elegans infection
model

Propagation of Caenorhabditis elegans

The method described by Brenner was followed in this study (Brenner, 1974).
Caenorhabditis elegans AU37 [glp-4(bn2) I; sek-1(km4 X], obtained from the
Caenorhabditis Genetic Centre (University of Minnesota), was propagated on
Nematode Growth Media (NGM) (3 g/l NaCl, 2.5 g/l peptone, 5 mg/mL
cholesterol,17 g/L agar) with Escherichia coli (E. coli) OP50 stock as a food
source. About 10 to 15 reproductively active, synchronised C. elegans adult
nematodes were transferred to a fresh NGM agar plate and incubated at 15 °C
to allow reproduction of the nematodes. Adult nematodes were then removed
from the plate. The L4 larvae were moved to a fresh NGM agar plate with E.
coli OP50 and incubated at 15°C to allow nematodes to propagate.
Caenorhabditis elegans nematodes were transferred to new NGM agar plates
seeded with a lawn of E. coli OP50 every 6 days. All C. elegans stocks were
kept at 15°C until further use. All manipulations were done at room temperature
(20 £ 1°C)
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Three C. parapsilosis strains (strains 19, 22 and 25) were selected based on
the varying in vitro production of virulence factors. Nematodes grown on NGM
were washed with M9 buffer (6 g/L Na2HPO4, 3 g/l KH2PO4, 5 g/l NaCl, 0.25
g/l MgS04.7H20) and placed on 24 hours old C. parapsilosis complex lawns
[on Brain heart infusion (BHI) plates] for 4 hours at 25°C. After incubation,
nematodes were washed from the plates with M9 buffer to remove all non-
ingested C. parapsilosis cells, the nematodes were washed three times with
M9 buffer. Approximately 60 nematodes were added to each well of a 6 well
plate (Corning Incorporated, USA) containing 2 mL 80% M9 buffer and 20%
BHI broth, with 90 uyg/mL kanamycin and incubated at 25°C. Nematodes were
monitored daily for survival and were regarded as dead when non-motile after
mechanical stimulation with a sterile pipette tip. The number of dead and alive
nematodes was recorded on an excel sheet. Candida albicans SC5314 was
used as a control and the procedure was done in triplicate.

2.3.12 Statistical analysis

Data represents mean values and standard deviations of three independent
biological replicates (unless stated otherwise), with three technical replicates.
Chi-square testing was used to obtain the p values and p values of 0.05 or less
were considered statistically significant. For the nematode survival assay an
online application for survival analysis (OASIS) 2

(https://sbi.postech.ac.kr/oasis2/) was using for statistical analysis of the data.

24 RESULTS

2.4.1 Collection of strains and species identification
Collection of strains

A total of 26 strains were obtained from 2018 to 2020 from positive blood
cultures that grew Candida parapsilosis as identified by Vitek®2. These were
from both neonatal and paediatric wards sent for routine investigations at the
Microbiology laboratory. Of these, 21 strains could be recovered, two of which
were from the same patient (strain 3 and 11) and therefore, only one strain

(strain 3) was included in the study (Table 1).
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Table 1: Study strains distribution according to years and wards.

Years Study strains Wards
2018
1 NICU
9 NHCU
16 NHCU
2019
3 NICU
4 NICU
5 NICU
6 NHCU
7 NICU
10 NHCU
12 NICU
13 NICU
15 NHCU
18 NICU
2020
19 Paeds 10A
20 NHCU
22 NHCU
23 Paeds 10B
24 NICU
25 NICU
26 NHCU

NICU= Neonatal Intensive Care Unit, NHCU= Neonatal High Care Unit, Paeds= Paediatrics.
Species identification/differentiation using D1/D2 region sequencing
All strains were C. parapsilosis sensu stricto (C. parapsilosis) by the

sequencing D1/D2 of the LSU of the 28s rDNA gene. The percentage similarity
ranged between 96% to more than 98%.
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2.4.2 Data from National Health Laboratory Service TrakCare
and hospital clinical notes

Distribution of patients from which C. parapsilosis was isolated

Most of the strains were from patients in the neonatal intensive care unit (NICU)
[55% (11/20)], followed by the neonatal high care unit (NHCU) [35% (7/20)] and
paediatric wards [10% (2/20)] .

Time to positivity of blood cultures

Twenty blood culture results from which the study strains were obtained were
analyzed for the study. The time to positivity (TTP) for the study was defined as
the period since the blood culture bottle was loaded into the instrument until the

instrument flagged positive, indicating the growth of organisms in the bottle.

The median interquartile range (IQR) time to positivity (TTP) for the blood
culture bottles was 35 hours (IQR, 28.25 - 42.25) hours. Most (90%, 18/20) of
the blood cultures were positive within 48 hours while the remaining 10% (2/20)
were positive after 48 hours (Figure 1). Of the 18, 22% (4/18) were positive
within 24 hours and 78% (14/18) were positive after 24 hours but before 48

hours.
1 3 4 56 7 9
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Figure 1: Time to positivity of the study strains showing that majority of the strains were positive

within 48 hours
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Antifungal susceptibility data obtained from Vitek®2

Resistance was observed for the azoles, namely fluconazole and voriconazole
as shown in Table 2 and Figure 2. Eighty percent (16/20) of the strains were
resistant to fluconazole (including the SDD=4) with only 20% (4/20) susceptible
to fluconazole (MIC=<2). With regards to voriconazole, 25% (5/20) of the strains
were susceptible (MIC<0.12), 70% (14/20) were intermediate (MIC=0.25-0.5)
and 5% (1/20) resistant (MIC>1). All voriconazole intermediate and resistant
strains (70%,14/20) were also resistant to fluconazole. Some strains had
increasing MICs (MIC=1-2) for caspofungin and micafungin with one strain
(Strain 18) resistant to caspofungin at the MIC of >8. Of note for amphotericin
B, the CLSI provides the epidemiological cut-off (ECOFF) values rather than
the clinical breakpoints. The value, which is one for C. parapsilosis, is the cut-
off for the sensitive wild-type population. The value corresponding to the
ECOFF indicates the absence of mutations among strains.
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Table 2: Strains obtained from different wards with their antifungal susceptibility testing results
from Vitek®2.

Study Antifungal susceptibilities
strains
Fluc Vori Caspo Mica Ampho B
S=<2 S$=<0.12 S=<2 S=<2 No clinical
breakpoints
SDD=4 1=0.25-0.5 =4 =4
R=8 R=>1 R=>8 R=>8
1 R/SDD(4) | 1(0.25) S(1) S(0.5) MIC=1
3 S(<0.5) S(<0.12) S(0.25) S(0.5) MIC<0.25
4 R(16) 1(0.5) S(0.5) S(0.5) MIC<0.25
5 R(8) S(<0.12) S(0.5) S(0.5) MIC<0.25
7 S(2) S(<0.12) S(0.25) S(0.5) MIC=0.5
12 R(8) 1(0.25) S(1) S(0.5) MIC=0.5
13 R(8) 1(0.25) S(0.5) S(0.5) MIC<0.25
18 R(8) 1(0.5) R(=8) S(0.5) MIC<0.25
24 R(8) 1(0.25) S(0.5) S(0.5) MIC<0.25
25 R(8) 1(0.25) S(0.25) S(0.5) MIC<0.25
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6 R(8) 1(0.5) s(1) S(2) MIC=0.5
9 R(64) | R(1) s(1) S(0.5) MIC<0.25
10 R(8) 1(0.25) S(0.5) S(0.5) MIC<0.25
15 R(32) 1(0.25) S(2) S(1) MIC=0.5
16 R(16) 1(0.5) S(1) S(0.5) MIC<0.25
20 S(<0.5) |S(<0.12) | S(0.5) S(0.5) MIC<0.25
22 s(1) S(<0.12) | S(0.5) S(0.5) MIC<0.25
26 R(8) 1(0.25) S(2) S(2) MIC=0.5
19 R(8) 1(0.5) S(0.25) | S(0.5) MIC=0.5
23 R(8) 1(0.25) S(0.25) | S(0.5) MIC<0.25

Fluc: Fluconazole, Vori: Voriconazole, Caspo: Caspofungin, Mica: Micafungin,

Amphotericin B,

Ampho B:

R: Resistant, S: Susceptible, SDD: Susceptible dose dependent, I:

Intermediate. The MICs are written in brackets.
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Antifungals susceptibility results

25
e
‘s 20
=
» 15
[Te
o
£ J
o
£
]
s,

Fluconazole Voriconazole Caspofungin Micafungin
Antifungals tested

®m Number of susceptible isolates ® Number of intermediate isolates
Number of resistant isolates

Figure 2: Antifungal susceptibility results of the tested 20 study strains for antifungals with CLSI
breakpoints. This figure also shows strains resistant to fluconazole and intermediate to

voriconazole including the one strain resistant to both azoles.

Data obtained from hospital clinical notes

For most patients [85% (17/20)] clinical notes were retrieved; however, the
majority did not have the complete clinical information. Some missing
information included the type of delivery [i.e., normal vaginal delivery (NVD) or
caesarean section (C/S)]; gestational age; birth weight and the information of
whether neonatal steroids were administered. The recorded patient data are

summarized in Table 3.

e Gender, mode of delivery, birth gestational age and birth weight
Eighty percent (16/20) of the patients were males and 20% (4/20) were females
according to the information recorded on the National Health Laboratory
Service request form and the clinical notes.

Fifty-five percent (11/20) of the patients were delivered via C/S, 25% (5/20) via
NVD and one patient had no information in the clinical notes. Only six percent
(1/17) of the patients were recorded as full term, 82% (14/17) as preterm and
there was no documentation for the remaining 12% (2/17), one of which was
from paediatric ward and the other from the neonatology ward.

77



Table 3: Demographic data, clinical features, and outcomes of patients with C. parapsilosis
candidemia
Patient characteristics

Values

Demographic data
Birth weight (g),median (IQR). N=16
Gestational age (weeks), median (IQR). N=17
Gender (male/female). N=20
NVD /CS. N= 17 5 (36.8%) /11 (57.89%)
Day of life at onset of candidemia (days), median (IQR) 20 (17-37)
Underlying comorbid diseases 17
Intraventricular hemorrhage (=Stage 1) 2117 (12%)
Congenital anomalies (Trisomy 21) 117 (6%)
Respiratory distress syndrome 10/17 (59%)
Cardiovascular diseases (ASD, PDA, VSD, VPS, AHL) | 6/17 (35%)

1320 (1078.0-1588.0)
31 (29.5-32.0)
16 (80%) /4 (20%)

Gastrointestinal disease 12/17 (71%)

Renal disorders 2/17 (12%)
Presence of more than one co-morbidity 15/17 (88%)
Predisposing risk factors 17

Pre-term 14/17 (82%)

Receipt of systemic antibiotics 17/17(100%)

Presence of invasive lines 17/17 (100%)

Receipt of parenteral nutrition 13/17 (76%)

Gl surgery 7117 (41%)
Antenatal steroids administration at birth 7117 (41%)
Mortality 8/17 (47%)

Early mortality (<7 days)
Late mortality (>7 days)

0/17(0%)
8/17 (47%)

Of the patients with recorded birth weights, 18% (3/17) had extremely low birth
(ELBW=<1000g), 41% (7/17) had very
(VLBW=<1500g), 29% (5/17) had low birth weight (LBW=<2500g) and 6%
(1/17) were recorded as normal birth weight of 2600g. The remaining paediatric

weight low birth weight

patient had no record of the birth weight in the clinical notes. Antenatal steroids
were recorded for 35% (7/20) of the patients. These were the three patients
who were categorized as ELBW and the four patients who were categorized as
VLBW. The median (interquartile range, IQR) birth gestational age and weight
of the neonates with candidemia were 31 weeks (IQR, 29.5 -32.0) and 1320
(IQR, 1078 - 1588) grams, respectively. The median onset of candidemia in the
study was 26 days old (IQR, 17-37), and all were diagnosed after the first week
of life (late neonatal sepsis).
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e Comorbid diseases, use of invasive devices and treatment
administered

All 17 patients whose clinical notes were retrieved had underlying
comorbidities, and majority (88%,15/17) had more than one recorded comorbid
disease. There were more [71% (12/17)] gastrointestinal manifestations
followed by respiratory manifestations [59% (10/17)]. Other risk factors included
abdominal surgery [41% (7/17)], endotracheal intubation [35% (6/17)],
peripherally inserted central lines [88% (15/17)] and arterial lines [41% (7/17)].
Other invasive devices were central lines, a Hickman line for one full term
patient who had acute myeloid leukaemia, and the nasogastric tubes. In
addition, total parenteral nutrition (TPN) was recorded for 76% (13/20) of the
patients.

The second paediatrics patient had nephrotic syndrome, was on TPN, had
received multiple antibiotics including meropenem for five days, piperacillin-
tazobactam for seven days, linezolid for 14 days, vancomycin for 14 days and
ceftriaxone for 12 days.

All patients were on antifungal drugs. Amphotericin B was recorded for all
patients while fluconazole was recorded for six patients. Micafungin, which is
one of the echinocandins, was only recorded for one patient. This is no surprise
as at the time of the study, echinocandins were only being introduced at the
study setting. All these antifungals were preceded by systemic antibiotics such
as ampicillin, piperacillin-tazobactam, gentamycin, amikacin, vancomycin,

linezolid, meropenem and colistin.

2.4.3 Susceptibility to chlorine-based disinfectant

The C. parapsilosis strains as well as the C. albicans SC5314 demonstrated
visible colonies on the SDA plate in the presence of the Qualiclean disinfectant
after incubation at 3 minutes, 30 minutes and 3 hours across the 4000 ppm to
31.25 ppm concentration range (Table 4). The MIC at these time intervals was
therefore more than 4000 ppm for all the strains. At 30 hours, only two strains
(strain 7 and 9) had visible colonies on the SDA plates and turbidity on the
microtiter plates. At this time interval, the MIC for isolate 7 and 9 was 125 ppm.

79



The MIC for the rest of the isolates were below 31.25 ppm meaning no growth
was observed at the lowest concentration used in the study (31.25 ppm) at 30
hours. Thus, Qualiclean disinfectant was not effective against the yeast strains
even after 3 hours contact time. The contact time of the disinfectant is 5 hours
as indicated on Figure 3 below.

Table 4: Minimum inhibitory concentration of Qualiclean disinfectant against clinical strains of
Candida parapsilosis. Effect of Qualiclean disinfectant against strains of C. parapsilosis using

different concentrations between 4000 ppm to 31.25 over different time periods.

Study strains MIC (ppm)
Contact time

3 min 30 min 3 hrs. 30 hrs.
C. albicans ATCC strain SC5314 > 4000 > 4000 > 4000 <31.25
Candida parapsilosis 1 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 3 > 4000 > 4000 > 4000 < 31.25
C. parapsilosis 4 > 4000 > 4000 > 4000 < 31.25
C. parapsilosis 5 > 4000 > 4000 > 4000 < 31.25
C. parapsilosis 6 > 4000 > 4000 > 4000 < 31.25
C. parapsilosis 7 > 4000 > 4000 > 4000 125
C. parapsilosis 9 > 4000 > 4000 > 4000 125
C. parapsilosis 10 > 4000 > 4000 > 4000 < 32.25
C. parapsilosis 12 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 13 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 15 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 16 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 18 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 19 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 20 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 22 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 23 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 24 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 25 > 4000 > 4000 > 4000 <31.25
C. parapsilosis 26 > 4000 > 4000 > 4000 < 31.25

MIC, minimum inhibitory concentration, >: more than, < less or equal to.
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Figur 3: The Qualiclean 6 g disinfectant sachet showing the recommended minimum contact

time of 5 minutes.
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2.4.4 In vitro production of virulence factors
Biofilm formation

All the study strains formed biofilms as shown in Figure 4. The amount of biofilm
development exhibited by the strains varied, with a 9-fold variation between the
strains that produced the highest and lowest biofilm. The strains were divided
into low (ODsgsnm < 0.3), medium (ODsgsnm = 0.31-0.59) and high (ODsg5nm
>0.60) biofilm producers and it was seen that most [90% (18/20)] of the strains
were low biofilm producers. Strain 1 was a medium producer while strain 3 was
a high biofilm producer, forming more biofilm biomass than the reference C.

albicans strain.
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Figure 4: Biofilm biomass as determined by crystal violet biofilm assay. The data points are the

averages of three independent repetitions and error bars represent standard deviations.

Hydrolytic enzyme secretion

All the studied strains showed protease and phospholipase activities, with Pz
values below 0.5, but no lipase activity. The Pz values of proteases and
phospholipases are shown in Figure 5. Protease activity was medium (Pz =
0.41-0.60) for 30% (6/20) of the isolates and high (Pz < 0.40) for 70% (14/20)
of the isolates. The average Pz value for proteases was 0.3675 (SD=0.058)
with the highest activity seen for strain 25 (Pz = 0.22), followed by strains 24
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and 22 (Pz = 0.31). The lowest activity was found in strains 18 and 26 (Pz =
0.43). Candida albicans SC5314 exhibited high protease activity (Pz = 0.24) as
expected.

Phospholipase activity was classified as medium (Pz = 0.41-0.60) for 8 out of
20 strains (40%) and high (Pz < 0.40) for 12 out of 20 strains (60%). The
average Pz value for phospholipases was 0.4025 (SD=0.018). The
phospholipase activity was highest in strain 5 (Pz = 0.36), followed by strains 7
and 12 (Pz = 0.38). The lowest activity was found in strain 26 (Pz = 0.44).
Candida albicans SC5314 also showed a high phospholipase activity with Pz
of 0.39. Of note, 45% (9/20) of the strains (i.e. strains 5, 6, 7, 9, 10, 15, 16, 19,
25) showed high activity for both enzymes. Of these nine strains, mortality was
seen in 44% (4/9) of the patients, although this cannot necessarily be attributed

directly to the in vitro enzyme activity.
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Figure 5: Pz values of strains for protease and phospholipase assays. The data points are the

averages of three independent repetitions and error bars represent standard deviations.

Prostaglandin E: production

Prostaglandin E> (PGE2) production from exogenous arachidonic acid was
assessed from the study strains as well as the C. albicans SC5314 strain. Four
strains generated PGE: levels exceeding 4000.00 pg/mg, while 11 strains
produced PGE: above 2000.00 pg/mg but not exceeding 4000.00 pg/mg. The
remaining five strains yielded PGE: levels below 2000.00 pg/mg. Most C.
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parapsilosis strains produced high PGE2> compared to the C. albicans SC5314
strain (p<0.001) (Figure 6). The two study strains with the highest production of
PGE2 were strains 6 and 25. The average of PGE: production by the C.
parapsilosis strains was 2939.23 pg/mg (SD=1340.43). The strains that
produced more than 2000.00 pg/mg PGE: (15/20) included 81% (13/16) of the
fluconazole-resistant strains and only 13% (2/15) of the fluconazole-susceptible
strains suggesting a possible relationship between biofilm production and the
resistance pattern. The PGE:2 produced ranged from 838.53 pg/mg to 5871.14
pg/mg, with a 7-fold variation between the strains that produced the highest and

lowest amounts of biofilm.
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Figure 6: Prostaglandin E2 production by C. parapsilosis strains and C. albicans SC5314.
Concentration of PGE2 was measured on supernatants after 24 hr-incubation at 37°C and
normalised against biomass. The data points are the averages of two independent repetitions

at two different concentrations and error bars represent standard deviations.

Strain characteristics and outcomes

In total, nine patients’ outcome was recorded as being discharged while eight
were recorded as having demised. Mortality was 47% (8/17) for the patients

whose clinical notes were retrieved, and this occurred after seven days of
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hospital admission. Among the 80% (16/20) of the patients that had
fluconazole-resistant isolates, 44% (7/16) demised, 37% (6/16) were
discharged and the remaining 19% (3/16) had no outcome information in the
clinical notes. From the 90% (18/20) of the patients whose blood cultures had
TTP within 48 hours, 44% (8/18) demised, 39% (7/18) were discharged from
the hospital and the clinical notes of 17% (3/18) could not be retrieved. Strains’

characteristics and outcomes are summarised in Table 5 below.

Four of the patients who demised were from NICU, three patients from NHCU
and one patient from paediatric 10B ward. Of the four patients from NICU, two
were recorded as VLBW and the other two as LBW. All four patients underwent
abdominal surgery. The TTP of the four strains was more than 24 hours but less
than 48 hours. Three strains of the four patients were resistant to fluconazole
while the other two were intermediate to voriconazole. The fourth strain was
susceptible to both azoles. This patient with the susceptible strain had low birth
weight, vertebral anomalies, acyanotic heart lesion, hypoplastic lung among
other diseases; had undergone surgery for duodenal atresia type 3 in addition
to other risk factors such as total parenteral nutrition, invasive devices and the
use of broad-spectrum antibiotics. The three strains were low biofilm producers
while the fourth strain was a medium biofilm producer. In addition, three of the
strains were high phospholipase producers while the fourth was a medium
producer. Three of the strains were high protease producers while the fourth
was a medium producer. Concerning the PGE> production, half were low
producers (<2000.00 pg/mg), while the other half medium producers (between
2000.00 and 4000.00 pg/mg).

Of the three NHCU patients who demised, the patients were recorded as
ELBW, VLBW and LBW. Abdominal surgery was recorded for only one patient.
The TTP of the ELBW, VLBW and LBW were 24 hours, 30 hours and 40 hours,
respectively. The strains of the ELBW patient were resistant to both azoles
while the other two strains were resistant to fluconazole and intermediate to
voriconazole. All three strains were high phospholipase, protease producers
and low biofilm producers. One strain was a low, the other medium and the third

a high PGE: producer.
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The paediatric 10B ward patient had no record of the birthweight nor surgical
intervention. This patient had acute myeloid leukemia with neutropenic sepsis
and acute respiratory disease syndrome. The blood culture’s TTP was 26
hours, and the strain was resistant to fluconazole while intermediate to
voriconazole. The strain was a low biofilm, medium protease, medium PGE>

and high phospholipase producer.

Table 5: Summary of study strains hydrolytic enzymes, biofilm production, PGE: production,

azoles susceptibility results and outcome of patients.

Strains | Proteases | Phospholipases | Biofilm | PGE: | Fluc | Vori | Patient
outcome

1 +++ ++ ++ + R I D
3 +++ ++ +++ ++ S S DC
4 ++ ++ + ++ R | NC
5 +++ +++ + +++ R S NC
6 +++ +++ + +++ R | DC
7 +++ +++ + + S S D
9 +++ +++ + ++ R R D
10 +++ +++ + ++ R | DC
12 ++ +++ + ++ R | DC
13 ++ +++ + ++ R | NC
15 +++ +++ + +++ R I D
16 +++ +++ + + R I D
18 ++ ++ + ++ R I D
19 +++ +++ + + R | DC
20 +++ ++ + ++ S S DC
22 +++ ++ + + S S DC
23 ++ +++ + ++ R I D
24 +++ ++ + ++ R S D
25 +++ +++ + +++ R | DC
26 ++ ++ + ++ R | DC

PGE: = Prostaglandin E2, Fluc = fluconazole, Vori = voriconazole, R = resistant, S =
susceptible, D = Patient demised, DC = Patient discharged, NC = No clinical notes. + = Low

production, ++ = Medium production, +++ = High production.
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2.4.5 Virulence in the Caenorhabditis elegans infection model

Three C. parapsilosis strains (i.e., strains 19, 22 and 25) were selected based
on the varying presence of virulence factors (Table 6) and their relative
virulence in the C. elegans infection model was determined. The C. albicans
SC5314 was included as a reference strain.

Table 6: Summary of the virulence characteristics of the three strains (19,22,25) selected for

determining relative virulence in the Caenorhabditis elegans infection model.

Strains | Proteases | Phospholipases | Biofilm | PGE: Fluc | Vori Patient
outcome

19 +++ +++ + + R | DC

22 +++ ++ + + S S DC

25 +++ +++ + +++ R | DC

Fluc =fluconazole, Vori =voriconazole, R= resistant, S=susceptible, DC=Patient discharged,
PGE2=Prostaglandin E2 production, +=Low production, ++= Medium production, +++= High

production.

Figure 7A shows the killing of C. elegans by the strains while 7B shows the
survival probability of C. elegans. Survival probability of all the infected
nematodes were significantly reduced compared to control nematodes fed with
E. coli OP50 (Figure 7B). The C. albicans ATCC SC5314 strain started killing
the nematodes slowly over the first three days. More than 50% of the C. elegans
were Killed by C. albicans SC5314 strain on day 5, with 100% mortality on day
7 (Figure 7A). For the three C. parapsilosis strains 19, 22, and 25, the rapid
killing was evident after day 2, except for strain 22, followed by slower rate of
killing and 100% death of nematodes on day 5 while the 100% killing by strain
22 was only on day 6.

The two strains that demonstrated rapid killing after day 2, namely strain 19 and
strain 25, were both high protease and high phospholipase producers. In
addition, the strains were resistant to fluconazole and intermediate to
voriconazole. In contrast, strain 19 was a high protease, medium
phospholipase producer and susceptible to both azoles. The differences did not
affect the outcome of the patients as all three patients were discharged from
hospital. There was a statistically significant reduction of the nematodes by
strain 19 on day 5 (p=0.01), by strain 22 on day 2 (p=0.0006), day 3 (p=0.0006)
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and day 4 (p=0.0137) and by strain 25 on days 4 (p=0151), 5 (p=0.0001) and
6 (p=0.0302) when compared to the C. albicans ATCC SC5314 strain.
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Figure 7: Candida parapsilosis and Candida albicans SC5314 killing compared to Escherichia
coli OP50 killing of Caenorhabditis elegans. This experiment was done in triplicate. A: Candida
parapsilosis killing and Escherichia coli OP50 killing of Caenorhabditis elegans. B: Kaplan-Meir

graphs indicating the survival probability of Caenorhabditis elegans.
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2.5 DISCUSSION

All the strains in this study were identified as C. parapsilosis sensu stricto.
Candida parapsilosis sensu stricto is the species mostly recovered in clinical
specimens such as blood cultures and catheter tips. The results of this study
are similar to those from a South African surveillance study by Magobo and
colleagues (2017) where they also identified all the strains from the neonatal
unit clusters as C. parapsilosis sensu stricto. In addition, from Brazil, about
81.1% of the isolates were C. parapsilosis sensu stricto in Ziccardi and
colleagues’ study while Rodrigues and colleagues found 95.5% of the strains
to be C. parapsilosis sensu stricto (Ziccardi et al., 2015, Rodrigues et al., 2022).
Interestingly, the prevalence of C. parapsilosis sensu stricto in Italy from blood
cultures was 48.1% in a survey by Franconi and colleagues (2023) surpassing
even C. albicans (34.9%).

The distribution of strains in this study was expected since the neonates have
more risk factors than the older children. The two paediatric patients in this
study also had risk factors such as malignancy, use of systemic antibiotics and
total parenteral nutrition thus increasing their risk factors for fungal infections.
In a South African laboratory based surveillance by Shuping and colleagues,
neonatal isolates contributed to most of the isolates obtained at 49% with
paediatrics contributing only 20% to the total number and adolescents even the
least number (4%) (Shuping et al., 2021). In addition, a European study by
Warris and colleagues had neonatal strains contributing about 30% of the total
strains with less from other wards including the paediatrics ICU (Warris et al.,
2020).

The median TTP for fungal detection in blood cultures is about two days (Clancy
and Nguyen, 2013) and may be more dependent of the fungal load. This
however can also be influenced by the type of Candida species, and or higher
growth rate which may lead to a shorter TTP (Lamy, 2019). Majority of the blood
culture bottles were positive for growth within 48 hours in our study. In contrast
to our findings, Kim and colleagues (2013) from Korea found the TTP of C.

parapsilosis to be longer (50 hours) compared to C. tropicalis (27 hours) and
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C. albicans (32 hours). In addition, other studies from India (Kaur et al., 2023),
Australia (Keighley et al., 2023) and Taiwan (Chen et al., 2015) also found the
TTP for C. parapsilosis to be longer.

As in other parts of the world, fluconazole-resistant C. parapsilosis is on the rise
in South Africa. In this study, more than half of the strains exhibited intermediate
susceptibility to voriconazole. Cross resistance between voriconazole and
fluconazole due to mutations (G1747A, A2619C, and A3191C) in MRR1
(encoding for a transcription factor of MDR1, which is a drug efflux pump) has
been mentioned in literature (Branco et al., 2015, Branco et al., 2022). It is
possible that the strains that were resistant to fluconazole and intermediate to

voriconazole possess this mutation.

In contrast to the study by Garzillo and colleagues (Garzillo et al., 2017), only
one strain was resistant to caspofungin. At the time of this study, amphotericin
B was the most used antifungal for candidemia in the public sector followed by
fluconazole, and as a result, the echinocandins were not routinely used
especially in this population. Some strains had increasing MICs to
echinocandins and there was already some resistance seen at the time in the
private sector (Naicker et al., 2016). Monitoring of the MICs for echinocandins

is warranted.

While antifungal prophylaxis refers to administration of antifungals in patients
without signs and symptoms of fungal disease, pre-emptive therapy refers to
administration of antifungals in patients with laboratory assays indicating
invasive fungal disease whereas empiric therapy refers to administration of
antifungals in patients with risk factors of fungal disease (Cornely et al., 2019).
In our study, all patients had risk factors of fungal infections. Literature has
suggested both the prophylactic use of fluconazole as well as the patient to
patient transmission to be the possible drivers of fluconazole-resistant strains
(Escribano and Guinea, 2022). Zhang and colleagues (2015) also suggested
poor source control with subsequent prolonged suboptimal antifungal use as
one of the factors driving fluconazole resistance (Zhang et al., 2015).
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Only six patients received fluconazole therapy in this study. Among those with
the resistant strains to fluconazole, the drug was empirically used in three
patients while it was used for de-escalation after treatment with amphotericin B
in one patient. Of note, 75% (12/16) of the patients were fluconazole naive
according to the clinical notes but still had fluconazole-resistant C. parapsilosis.

Resistance could therefore probably be attributed to the empiric use of
fluconazole in the three patients mentioned above with risk factors for fungal
disease. The other driver of fluconazole resistance could be patient to patient
transmission or poor source control, since early source control is associated
with better outcomes in patients with invasive candidiasis (Vergidis et al., 2016).
Fluconazole-resistant strains through genetic alterations, are also known to
have a better chance of adapting to host conditions explaining why they are
more transmissible than the susceptible strains (Daneshnia et al., 2023b).

Gender and mode of delivery are not mentioned in literature as risk factors for
candidemia in neonates. The predominance of males in this study could have
been an incidental finding and also influenced by the small study size. Similar
to our analysis, majority of studies have a higher proportion of male participants
while having a smaller sample size (Qi et al., 2018b, Manzoni et al., 2006).
Garzillo and colleagues from lItaly had similar results as our study where
majority of the neonates were males (13/17) in a small sample size study
(Garzillo et al., 2017). Similarly, another study from ltaly by Caggiano and
colleagues had male to female ratio of 1.6:1 (Caggiano et al., 2017) while in a
study by Menezes and colleagues from Brazil, males contributed 76.6% to the

study population (Menezes et al., 2024).

The fact that more than half of the deliveries were via C/S could have been
influenced by both maternal and neonatal health reasons. In addition, the study
took place at a tertiary hospital where almost all mothers are referred because
of high-risk pregnancy thus resulting in high rates of caesarian sections at
tertiary hospitals. A retrospective observational study by Tunc and colleagues
in Turkey found C. albicans rather than non-albicans species to be more
associated with NVD (Tunc et al., 2023). The reasons for the mode of delivery

were not looked at in this study. A study mentioned above by Menezes had half
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of the neonates delivered by C/S and the other half by NVD (Menezes et al.,
2024).

Pre-term has been recorded as a strong risk factor for candidemia in neonates
due to their immature immune system. As expected, in our study, 82% of the
neonates were delivered pre-term. Miranda and colleagues from Brazil also
found that the majority (80%) of their patients were pre-term neonates (Miranda
et al., 2012). The findings are similar to another Brazilian study by Menezes
and colleagues where they had at least 86.6% of neonates delivered before 36
weeks (Menezes et al., 2024). These neonates are often born with low birth
weight, leading to the use of invasive devices, administration of systemic
antibiotics and resulting in prolonged stay in order to increase the survival rate.
It is therefore no surprise that in our study majority of the neonates had VLBW.
Our findings however differ from those by Menezes and colleagues study from
Brazil where 56.6% of the neonates had ELBW and 26.6% had VLBW
(Menezes et al., 2024).

Antenatal steroids are known to improve outcomes in pre-term infants, but risk
factors ought to be weighed against the benefits since the administration may
lead to immune related diseases (Raikkonen et al., 2023). Four of the VLBW
and three of the ELBW patients were reported to have received antenatal
steroids. Only one of these patients demised. According to a cohort study by
Yao and colleagues, children who had an antenatal course of steroids were
more likely to experience infectious diseases during their first year of life (Yao
et al., 2023). However, benefits of antenatal steroids are evident from a
Cochrane review by Roberts and colleagues where steroids were shown to
improve survival, reduce respiratory distress syndrome, necrotizing fasciitis and
intraventricular hemorrhage (Roberts et al., 2017). Steroids in that review were
not associated with any significant maternal or short-term fetal adverse effects.
The neonates in our study were not monitored for infections following the

administration of steroids.

Candida species are known to cause late onset sepsis (Gonia et al., 2017). The
gastrointestinal tract is colonized with Candida species and as such, an

increased colonization is directly proportional to an increased risk of invasive
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candidiasis (Mesquida et al., 2023). In this study, majority of the patients had
more than one comorbid disease, but gastrointestinal manifestations were by
far the most common with more than half of those patients having surgical
interventions. Irrespective of the age, the risk of candidemia increases in
patients who have undergone abdominal surgery. Kilic and colleagues
performed a study among adults who underwent abdominal surgery and found
51% of the Candida isolates to be C. parapsilosis (Kilic et al., 2020). Similarly,
the risk increased among the neonates from the Baltimore surveillance study
by Shetty and colleagues (Shetty et al., 2005).

Even though C. parapsilosis is reported to not be as invasive as C. albicans to
immature intestinal epithelial cells (Gonia et al., 2017), it can nonetheless result
in invasive candidiasis due to the disruption of the protective barriers. Lines
recorded in our patients’ files included the PICC lines, A-lines, nasogastric
tubes, CVP lines, umbilical venous catheters and Hickman lines. The presence
of invasive lines in the study patients increased their risk factors to candidemia
as C parapsilosis sensu stricto adheres strongly to medical devices (Lattif et
al., 2010) and is able to form biofilms. These lines serve as a source of
persistent seeding for C. parapsilosis. In addition, a neonate with colonised
central venous line is known to have a ten-fold increased risk of developing
fungal infection (Manzoni et al., 2006). Central venous catheter care bundles
with continuous monitoring should be prioritized in order to reduce to risk of

fungal infections.

As a result of their premature gastrointestinal tract, pre-term infants do require
parenteral nutrition to reduce risks of developing diseases such as necrotising
enterocolitis (Fusch et al., 2009). Candida parapsilosis infection has been
recognised as one of the complications of using parenteral nutrition (Weems et
al., 1987, Cano et al., 2005). In our study, TPN was recorded for thirteen
patients adding to their risk factors for invasive candidiasis. Hyperglycemia is
often observed in non-diabetic patients on TPN (Rosmarin et al., 1996). Since
C. parapsilosis is known to thrive well in areas with high glucose concentration
(Kuhn et al., 2002), Herek and colleagues could prove in their study that
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glucose highly promotes the growth as well as biofilm formation of C.
parapsilosis (Herek et al., 2019).

Antibiotic exposure is known to be associated with candidemia although the
exact mechanisms of how they predispose to candidiasis are not well
understood (Kim et al., 2023). Interfering with lymphocytes function has been
suggested by Drummond and colleagues in a study involving animal models
(Drummond et al., 2022). All patients in our study received systemic antibiotics
prior to developing invasive candidiasis. In a study by Zuo and colleagues from
China, although done in adults, antibiotic use was strongly associated with
invasive C. parapsilosis among patients in ICU (Zuo et al., 2021). The use of
antibiotics was also more prevalent (91.1%) among the patients studied by

Araujo and colleagues (Araujo et al., 2024).

The mortality in this study was 47% with majority [7/16;44%)] of deaths
associated with fluconazole-resistant strains. Similar results were found by
Fekkar et al. in Paris where fluconazole-resistant strains resulted in higher
mortality (40%) than the susceptible strains (Fekkar et al., 2023). In another
study from Spain, mortality was 34% among the fluconazole-resistant strains
(Alcoceba et al., 2022).

Time to positivity may assist in predicting the outcome of patients with invasive
candidemia. The shorter TTP is associated with high mortality (Kim et al., 2013).
A higher mortality (44%) was observed for the blood cultures that had TTP
within 48 hours (p value =0.50). The study by Zeeshan and colleagues also
found a mortality rate of 40% (Zeeshan et al., 2024). This is similar to findings
by Keighley and colleagues (2023), who found that reduced TTP was linked to
higher death rates (Keighley et al., 2023).

It is important to note that the longer TTP may lead to delayed start of
appropriate therapy and delayed source control, thus resulting in dissemination
of the infection and adverse patient outcomes, especially in neonates. As
demonstrated by four patients who were discharged with strains producing both
high phospholipases and high proteases, and by the other four patients who
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died with strains producing both high phospholipases and proteases, there was
a 50% chance of death when the patients were infected with such strains.

Cleaning in the healthcare facilities depends on variables, such as the
workforce, area cleaned, substance, technique as well as the equipment used
(Peters et al., 2018). A lack of any of the above-mentioned leads to ineffective
cleaning. Disinfectants refer to chemical agents that are capable of removing
infectious microbes other than bacterial spores (Rutala and Weber, 2008). The
disinfectant is therefore a variable among others that is required for effective
cleaning. In addition, following the manufactures’ instruction for the substance
used will assist in effective cleaning. Contact times, which refer to the time the
disinfectant should stay on the surface to effectively interact with the microbe,
are critical for the effectiveness of the disinfectants and recommended contact
times are dependent on adequate cleaning (i.e. removal of soil first), prior to
disinfection since failure to do so will result in disinfection failure (Rutala and
Weber, 2008).

Chlorine containing disinfectants, such as Qualiclean, are among the well-
known and used disinfectants in health care settings (Assadian et al., 2021).
Although the recommended contact time by the manufacturer of Qualiclean
was a minimum of five minutes (Figure 8), this disinfectant was not effective

against the strains even after 3 hours contact time.

Contact times are measured based on continuous wet contact and these times
are significantly reduced in medical institutions under time constraints since
disinfectants are applied to surfaces and allowed to air dry without being
reapplied (Rutala and Weber, 2008). Frequent disinfection might be necessary
with all the other variables mentioned above being in place.

Our disinfectant results are similar to the results reported by Abdolrasouli and
colleagues (2017), who found that the C. parapsilosis in their study had
consistently higher MICs. Similar results were also found when sodium
hypochlorite solution was tested against pre-formed (24 hour) C. parapsilosis
biofilms (Pires et al., 2013). It was found that the biofilm viability was not

significantly affected by the disinfectant. Thus, the current practice in the
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hospital is deemed ineffective to clean and disinfect surfaces where C.
parapsilosis may occur and a review of the practice as well a different
disinfectant may be required.

One of the most significant virulence factors of C. parapsilosis senso latu is the
formation of biofilms (Modiri et al., 2019). Attachment to foreign materials like
invasive lines, protect the pathogen from the effects of the antifungal agents,
resulting in infections that are persistent and difficult to treat. Crystal violet
assay used in this study is one of the common methods to measure the biofilm
mass. Regardless of the viability of cells, this method stains all the cells in the
biofilm making the assay reliable for determining the total biofilm mass (Melo et
al., 2011).

All patients in the study had invasive devices. The ability to attach to the devices
increases the organism’s virulence and persistence of the infection since the
device acts as the source unless the source is addressed (Tumbarello et al.,
2007). In addition, increased mortality is associated with biofilm producing C.
parapsilosis (Rajendran et al., 2016). All the strains in our study formed biofilms
at varying levels. The results are similar to previous findings where majority
(72,5%) of C. parapsilosis strains were either in the low or medium biofilm
producer category (Guembe et al., 2017, Marzucco et al., 2024).

According to literature, C. parapsilosis biofilm production correlate with the
metabolic activity unlike the other Candida species (Marzucco et al., 2024).
Though not tested in our study, and if true across all C. parapsilosis strains,
then our strains had low metabolic activity. This means even the less compact
biofilms of C. parapsilosis can reduce the effectiveness of fluconazole. In our
study, these biofilms had no effect on other antifungals tested including
amphotericin B, which was not the case in Melo and colleagues’ study (Melo et
al., 2011).

The secreted hydrolytic enzymes facilitate adherence and tissue penetration
and hence invasion (Paula-Mattiello et al., 2017, Pandey et al., 2018). In this
study, all 20 strains showed protease and phospholipase activity. However, in

a study by Brilhante and colleagues (2018) with 49 C. parapsilosis strains, only
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55.1% of the strains had protease and phospholipase activity (Brilhante et al.,
2018). Similarly, in a study by Pandey and colleagues (2018) with nine C.
parapsilosis strains, only three strains were positive for the former and five

positive for the latter (Pandey et al., 2018).

Not much information is reported in literature about the secreted lipases
however, they are thought to play a role in nutrition acquisition by the organism
and therefore play a role in the pathogenesis (T6th et al., 2014, Stefanek et al.,
2023). In some studies, not all strains of C. parapsilosis produced all the
hydrolytic enzymes and majority of those studied are the proteases and the
phospholipases (Abi-chacra et al., 2013). In a study by Bramono and
colleagues, lipase activity was found in all clinical Candida species studied

including C. parapsilosis (Bramono et al., 2006).

The production of hydrolytic enzymes by C. parapsilosis strains in our study
exhibited heterogeneity, with strains demonstrating low, medium, and high
levels of enzyme production, alongside an inability to produce lipases. The
nonproduction of lipases could possibly be explained by our small study size or
differences in experimental conditions (Abi-chacra et al., 2013, Ziccardi et al.,
2015).

Prostaglandins, which are examples of eicosanoids, are metabolites of C20
fatty acids, such as arachidonic acid. They serve a variety of biological
purposes including modulating inflammation (Grozer et al., 2015, Funk, 2001).
The production of prostaglandin by yeasts was first described in C. albicans
and subsequently in other yeast, like Cryptococcus neoformans (Noverr et al.,
2002). Similarly, C. parapsilosis is capable of producing prostaglandins
(Prostaglandin E2 and Prostaglandin D2) from exogenous arachidonic acid
(Chakraborty et al., 2019). Prostaglandin E> seems to promote the immune
system evasion of C. parapsilosis by protecting the organism from phagocytic
killing (Mendoza et al., 2021).

The production of prostaglandins in C. parapsilosis is not mediated by the OLEZ2

as in C. albicans but by homologues of a multi copper oxidase encoding gene
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(FET3), an acyl-CoA thiolase encoding gene (POT17) and an acyl-CoA oxidase
encoding gene (POX1-3) (Chakraborty et al., 2018, Grozer et al., 2015).

While the exact role of the three genes mentioned above namely; FET3, POT1
and POX1-3 still need further research, their deletion or absence also lead to
decreased virulence of C. parapsilosis (Chakraborty et al., 2019). Using
macrophages that were derived from human peripheral blood monocytes,
Chakraborty and colleagues further found that deletion of FET3 reduces fungal
burden (Chakraborty et al., 2018).

An invaluable tool for studying Candida species virulence is the infection model,
Caenorhabditis elegans. The majority of clinically significant dimorphic fungi
have been studied using C. elegans, which has shown to be a useful tool for
identifying several virulence factors and immune-regulators as well as
screening potent antifungal drugs (Ahamefule et al., 2021). Although C. elegans
lacks adaptive immunity, and the understanding of its innate immunity still
needs further understanding (Tran and Luallen, 2024), this soil nematode offers
a great potential because of its rapid (3-day) life cycle, small size (1.5-mm-long
adult), being a self-fertilizing hermaphrodite and the ease of laboratory
cultivation (Brenner, 1974).

Similar to the results by Souza and colleagues (Souza et al.,, 2018b), C.
parapsilosis sensu stricto resulted in higher mortality higher than that of E. coli
OP50. Sousa and colleagues further reported on the presence of formation of
filaments, the element associated with C. elegans killing (Souza et al., 2018b).
Of note in this study, aggregation of hyphal filaments as described by Huang
(Huang et al., 2014) were visualized on infected nematodes. The elements
have been reported on C. albicans infection as well. A study by Pukkila-Worley
indicated that some Candida species such as C. lusitaniae and some C.
albicans mutant strains may not form hyphae and thus show decreased
virulence (Pukkila-Worley et al., 2009). All the strains in our study were C.
parapsilosis sensu stricto and could therefore not compare the in vitro virulence
with that of C. orthopsilosis and C. metapsilosis strains. However, as expected
from the study by Brilhante and colleagues, the strains were virulent (Brilhante
et al., 2018).
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CONCLUSION

In conclusion, the study demonstrated that virulent strains of C. parapsilosis
sensu stricto continue to be the cause of high morbidity and mortality among
the vulnerable population. Continuous surveillance of the circulating strains in
healthcare settings should be emphasized and strengthened. More studies are
needed to clarify the role of lipase production and the PGE2 production in the
pathogenesis of C. parapsilosis. Furthermore, studies to identify other
preventative measures in addition to surgical intervention for the neonates,
especially those presenting with gastrointestinal infections common among the

study population will add to the efforts to combat the spread of C. parapsilosis.

Resistance to azoles, increasing echinocandin MICs and the ineffectiveness of
chlorine based disinfectants remains a concern. Amphotericin B and
echinocandins where applicable, should be used as first line antifungal agents
as recommended by the guidelines. Source control including management of
invasive devices should be emphasized because of the nature of this
organism’s ability to form biofilms. A review of the disinfection practice, longer
contact time of the QualiClean or a change of the disinfection may be warranted
to decrease the burden of the organisms in the wards. Furthermore, molecular
studies such as sequencing would be beneficial in determining the relatedness

and resistance determinants of the strains.

Limitations of the study include the small number of strains. In addition to
retrieval of only 17 of the hospital clinical notes, the duration of therapy could
not be determined due to the paucity of information in the clinical notes.
Furthermore, the study was done at one hospital, so no results could be
extrapolated to other hospitals. Also, adult wards were not sampled to compare
the strains with paediatric wards strains in order to draw a conclusion about
what is circulating in the study site among both paediatrics and adult patients.
There was no sampling of the environmental or healthcare workers hands to

compare the strains circulating in the environment to the clinical strains.

98



2.6 REFERENCES

ABDOLRASOULLI, A., ARMSTRONG-JAMES, D., RYAN, L. & SCHELENZ, S.
2017. In vitro efficacy of disinfectants utilised for skin decolonisation and
environmental decontamination during a hospital outbreak with Candida auris.
Mycoses, 60, 758-763.

ABI-CHACRA, E. A., SOUZA, L. O. P, CRUZ, L. P, BRAGA-SILVA, L. A,,
GONCcALVES, D. S., SODRé, C. L., RIBEIRO, M. D., SEABRA, S. H,,
FIGUEIREDO-CARVALHO, M. H. G., BARBEDO, L. S., ZANCOPé-OLIVEIRA,
R. M., ZICCARDI, M. & SANTOS, A. L. S. 2013. Phenotypical properties
associated with virulence from clinical isolates belonging to the Candida
parapsilosis complex. Federation of European Microbiological Societies Yeast
Research, 13, 831-848.

AHAMEFULE, C. S., EZEUDUJI, B. C., OGBONNA, J. C., MONEKE, A. N.,
IKE, A. C., JIN, C., WANG, B. & FANG, W. 2021. Caenorhabditis elegans as an
Infection Model for Pathogenic Mold and Dimorphic Fungi: Applications and
Challenges. Frontiers in Cellular and Infection Microbiology, 11, 751947 .

ALANIO, A., DESNOS-OLLIVIER, M., GARCIA-HERMOSO, D. & BRETAGNE,
S. 2017. Investigating Clinical Issues by Genotyping of Medically Important
Fungi: Why and How? Clinical Microbiology Reviews, 30, 671-707.

ALCOCEBA, E., GOMEZ, A., LARA-ESBRI, P., OLIVER, A., BELTRaN, A. F,,
AYESTARaAN, 1., MUAROZ, P., ESCRIBANO, P. & GUINEA, J. 2022.
Fluconazole-resistant Candida parapsilosis clonally related genotypes: first
report proving the presence of endemic isolates harbouring the Y132F ERG11
gene substitution in Spain. Clinical Microbiology and Infection, 28, 1113-1119.

ALVES, R., SOUSA-SILVA, M., VIEIRA, D., SOARES, P.,, CHEBARO, Y.,
LORENZ, M. C., CASAL, M., SOARES-SILVA, I. & PAIVA, S. 2020. Carboxylic
Acid Transporters in Candida Pathogenesis. Molecular Biology and
Microbiology, 11, 10.1128/mbio.00156-20.

ARAUJO, J. M., DE ALMEIDA JUNIOR, J. N., MAGRI, M. M. C., COSTA, S. F.
& GUIMARAES, T. 2024. Epidemiological Assessment and Risk Factors for
Mortality of Bloodstream Infections by Candida sp. and the Impact of the
COVID-19 Pandemic Era. Journal of Fungi, 10, 268.

ARTASENSI, A., MAZZOTTA, S. & FUMAGALLI, L. 2021. Back to Basics:
Choosing the Appropriate Surface Disinfectant. Antibiotics, 10, 613.

ASADZADEH, M., AHMAD, S., AL-SWEIH, N., HAGEN, F., MEIS, J. F. &
KHAN, Z. 2019. High-resolution fingerprinting of Candida parapsilosis isolates
suggests persistence and transmission of infections among neonatal intensive
care unit patients in Kuwait. Scientific Reports, 9, 1340.

ASHFORD, B. K. 1928. Certain Conditions of the Gastro-Intestinal Tract in
Porto Rico and their Relation to Tropical Sprue. American Journal of Tropical
Medicine, 8.

99



ASSADIAN, O., HARBARTH, S., VOS, M., KNOBLOCH, J. K., ASENSIO, A. &
WIDMER, A. F. 2021. Practical recommendations for routine cleaning and

disinfection procedures in healthcare institutions: a narrative review. Journal of
Hospital Infection, 113, 104-114.

ATAIDES, F. S., COSTA, C. R,, SANTOS, A. S., FREITAS, V. A. Q,, SILVA, T.
C., ZARA, A. L. S. A,, SILVA, M. R. R. & JESUINO, R. S. A. 2020. In vitro
characterization of virulence factors among species of the Candida parapsilosis
complex. Revista da Sociedade Brasileira de Medicina Tropical, 53,e20190336.

BADALI, H., REZAIE, S., MEIS, J. F., AGHA KUCHAK AFSHARI, S., MODIRI,
M., HAGEN, F., MOAZENI, M., MOHAMMADI, R. & KHODAVAISY, S. 2017.
Microsatellite genotyping of clinical Candida parapsilosis isolates. Current
Medical Mycology, 3, 15-20.

AGHERI, F., CERVELLIONE, K. L., MARUF, M., MARINO, W. & SANTUCCI,
T., JR. 2010. Candida parapsilosis meningitis associated with shunt infection in
an adult male. Clinical Neurology and Neurosurgery, 112, 248-51.

BARBEDO, L. S., FIGUEIREDO-CARVALHO, M. H., MUNIZ, M. M. &
ZANCOPé-OLIVEIRA, R. M. 2017. Comparison of four molecular approaches
to identify Candida parapsilosis complex species. Memorias de Instituto
Oswaldo Cruz, 112, 214-219.

BENJAMIN, D. K., JR., STOLL, B. J., GANTZ, M. G., WALSH, M. C,,
SaNCHEZ, P. J., DAS, A., SHANKARAN, S., HIGGINS, R. D., AUTEN, K. J,,
MILLER, N. A., WALSH, T. J., LAPTOOK, A. R., CARLO, W. A., KENNEDY, K.
A., FINER, N. N., DUARA, S., SCHIBLER, K., CHAPMAN, R. L., VAN MEURS,
K. P, FRANTZ, I. D., 3RD, PHELPS, D. L., POINDEXTER, B. B., BELL, E. F.,,
O'SHEA, T. M., WATTERBERG, K. L. & GOLDBERG, R. N. 2010. Neonatal
candidiasis: epidemiology, risk factors, and clinical judgment. Pediatrics, 126,
e865-73.

BERKOW, E. L. & LOCKHART, S. R. 2017. Fluconazole resistance in Candida
species: a current perspective. Infection and Drug Resistance, 10, 237-245.

BEYDA, N. D., AMADIO, J., RODRIGUEZ, J. R., MALINOWSKI, K., GAREY,
K. W., WANGER, A. & OSTROSKY-ZEICHNER, L. 2018. In Vitro Evaluation of
BacT/Alert FA Blood Culture Bottles and T2Candida Assay for Detection of
Candida in the Presence of Antifungals. Journal of Clinical Microbiology, 56,
e00471-18.

BONASSOLI, L. A., BERTOLI, M. & SVIDZINSKI, T. I. 2005. High frequency of
Candida parapsilosis on the hands of healthy hosts. Journal of Hospital
Infection, 59, 159-62.

BORGES, K. R. A., PIMENTEL, I. V., LUCENA, L., SILVA, M., MONTEIRO, S.
G., MONTEIRO, C. A., NASCIMENTO, M. & BEZERRA, G. F. B. 2018.
Adhesion and biofilm formation of Candida parapsilosis isolated from vaginal
secretions to copper intrauterine devices. Revista do Instituto de Medicina
Tropical de Trop Sao Paulo, 60, €59.

100



BORGHI, E., IATTA, R., SCIOTA, R., BIASSONI, C., CUNA, T., MONTAGNA,
M. T. & MORACE, G. 2010. Comparative evaluation of the Vitek 2 yeast
susceptibility test and CLSI broth microdilution reference method for testing
antifungal susceptibility of invasive fungal isolates in Italy: the GISIA3 study.
Journal of Clinical Microbiology, 48, 3153-7.

BRAMONO, K., YAMAZAKI, M., TSUBOI, R. & OGAWA, H. 2006. Comparison
of Proteinase, Lipase and Alpha-Glucosidase Activities from the Clinical
Isolates of Candida Species. Japanese Journal of Infectious Diseases, 59, 73-
6.

BRANCO, J., MARTINS-CRUZ, C., RODRIGUES, L., SILVA, R. M., ARAuUJO-
GOMES, N., GONGALVES, T., MIRANDA, I. M. & RODRIGUES, A. G. 2021.
The transcription factor Ndt80 is a repressor of Candida parapsilosis virulence
attributes. Virulence, 12, 601-614.

BRANCO, J., RYAN, A. P, PINTO E SILVA, A., BUTLER, G., MIRANDA, |. M.
& RODRIGUES, A. G. 2022. Clinical azole cross-resistance in Candida
parapsilosis is related to a novel MRR1 gain-of-function mutation. Clinical
Microbiology and Infection, 28, 1655.e5-1655.e8.

BRANCO, J., SILVA, A. P, SILVA, R. M., SILVA-DIAS, A., PINA-VAZ, C.,
BUTLER, G., RODRIGUES, A. G. & MIRANDA, |. M. 2015. Fluconazole and
Voriconazole Resistance in Candida parapsilosis |s Conferred by Gain-of-
Function Mutations in MRR1 Transcription Factor Gene. Antimicrobial Agents
and Chemotherapy, 59, 6629-6633.

BRENNER, S. 1974. The genetics of Caenorhabditis elegans. Genetics, 77,
71-94.

BRILHANTE, R. S. N., SALES, J. A., DASILVA, M. L. Q., DE OLIVEIRA, J. S.,
PEREIRA, L. A., PEREIRA-NETO, W. A., CORDEIRO, R. A., SIDRIM, J. J. C,,
CASTELO-BRANCO, D. & ROCHA, M. F. G. 2018. Antifungal susceptibility and
virulence of Candida parapsilosis species complex: an overview of their
pathogenic potential. Journal of Medical Microbiology, 67, 903-914.

BUZZINI, P. & MARTINI, A. 2002. Extracellular enzymatic activity profiles in
yeast and yeast-like strains isolated from tropical environments. Journal of
Applied Microbiology, 93, 1020-1025.

CAGGIANO, G,, LOVERO, G., DE GIGLIO, O., BARBUTI, G., MONTAGNA,
O., LAFORGIA, N. & MONTAGNA, M. T. 2017. Candidemia in the Neonatal
Intensive Care Unit: A Retrospective, Observational Survey and Analysis of
Literature Data. BioMed Research International, 7901763.

CAKIR, N., ATALAY, M., KOC, A., KAAN, O. & SAGIROGLU, P. 2021. Molecular
identification, virulence factors and antifungal susceptibility patterns of Candida
parapsilosis complex species isolated from clinical samples. Nigerian Journal
of Clinical Practice, 24, 853-859.

101



CANO, M. V,, PERZ, J. F., CRAIG, A. S., LIU, M., LYON, G. M., BRANDT, M.
E.,LOTT, T. J., LASKER, B. A., BARRETT, F. F., MCNEIL, M. M., SCHAFFNER,
W. & HAJJEH, R. A. 2005. Candidemia in pediatric outpatients receiving home
total parenteral nutrition. Medical Mycology, 43, 219-25.

CASADEVALL, A., FU, M. S., GUIMARAES, A. J. & ALBUQUERQUE, P. 2019.
The ‘Amoeboid Predator-Fungal Animal Virulence’ Hypothesis. Journal of
Fungi, 5, 10.

CASTRO, V.D. P, THOMAZ, D. Y., VIEIRA, K. D. L., LOPES, L. G., ROSSI, F,,
DEL NEGRO, G. M. B., BENARD, G. & PIRES, R. H. 2023a. In vitro activity of
sanitizers against mono- and polymicrobial biofilms of C. parapsilosis and S.
aureus. Antimicrobial Agents and Chemotherapy, e0053423.

CASTRO, V. P, THOMAZ, D. Y., VIEIRA, K. L., LOPES, L. G., ROSSI, F., DEL
NEGRO, G. M. B., BENARD, G. & PIRES, R. H. 2023b. In vitro activity of
sanitizers against mono- and polymicrobial biofilms of C. parapsilosis and S.
aureus. Antimicrobial Agents and Chemotherapy, e0053423.

CEJUDO, M. T. G., GALLEGO, A. G., LACASA, E. C., ALLER, A. I., ROMERO,
A., GARCIA, J. P, ANDRéS, G. Q. & MARTIN-MAZUELOS, E. 2010.
Evaluation of the VITEK 2 system to test the susceptibility of Candida spp.,
Trichosporon asahii and Cryptococcus neoformans to amphotericin B,
flucytosine, fluconazole and voriconazole: a comparison with the M27-A3
reference method. Medical Mycology, 48, 710-719.

CHAKRABORTY, T.,, THUER, E., HEUINK, M., To6TH, R., BODAI, L.,
VaGVoOLGYI, C., GIERA, M., GABALDON, T. & GAaCSER, A. 2018. Eicosanoid
biosynthesis influences the virulence of Candida parapsilosis. Virulence, 9,
1019-1035.

CHAKRABORTY, T., T6TH, R. & GaCSER, A. 2019. Eicosanoid production by
Candida parapsilosis and other pathogenic yeasts. Virulence, 10, 970-975.

CHARSIZADEH, A., MIRHENDI, H., NIKMANESH, B., ESHAGHI, H. &
MAKIMURA, K. 2018. Microbial epidemiology of candidaemia in neonatal and
paediatric intensive care units at the Children's Medical Center, Tehran.
Mycoses, 61, 22-29.

CHEN, L.-Y., YANG, S.-P,, CHEN, T.-L., LIAO, S.-Y., CHEN, Y.-Y., CHAN, Y.-J.,
CHEN, L.-K. & WANG, F.-D. 2015. Clinical significance of time to positivity for
yeast in candidemia. Journal of Microbiology, Immunology and Infection, 48,
425-430.

CHEN, X. F., HOU, X., XIAO, M., ZHANG, L., CHENG, J. W., ZHOU, M. L.,
HUANG, J. J., ZHANG, J. J., XU, Y. C. & HSUEH, P. R. 2021. Matrix-Assisted
Laser Desorption/lonization Time of Flight Mass Spectrometry (MALDI-TOF
MS) Analysis for the Identification of Pathogenic Microorganisms: A Review.
Microorganisms, 9, 1536.

102



CHERKAOUI, A. & SCHRENZEL, J. 2022. Total Laboratory Automation for
Rapid Detection and Identification of Microorganisms and Their Antimicrobial
Resistance Profiles. Frontiers in Cellular and Infection Microbiology, 12.

CHIBABHAI, V. 2022. Incidence of candidemia and prevalence of azole-
resistant candidemia at a tertiary South African hospital “ A retrospective
laboratory analysis 2016-2020. Southern African Journal of Infectious
Diseases, 37.

CLANCY, C. J. & NGUYEN, M.-H. 2019. Rapid diagnosis of invasive
candidiasis: ready for prime-time? Current Opinion in Infectious Diseases, 32,
546-552.

CLANCY, C. J. & NGUYEN, M. H. 2013. Finding the "missing 50%" of invasive
candidiasis: how nonculture diagnostics will improve understanding of disease
spectrum and transform patient care. Clinical Infectious Disease, 56, 1284-92.

CLANCY, C. J. & NGUYEN, M. H. 2018a. Diagnosing Invasive Candidiasis.
Journal of Clinical Microbiology, 56,e01909-17.

CLANCY, C. J. & NGUYEN, M. H. 2018b. Non-Culture Diagnostics for Invasive
Candidiasis: Promise and Unintended Consequences. Journal of Fungi, 4, 27.

CLSI 2017. Performance Standards for Antifungal Susceptibility Testing of
Yeasts. 1st ed. Wayne,PA: Clinical and Laboratory Standards Institute,1-12.

COHEN, J. F., OUZIEL, A., MATCZAK, S., BRICE, J., SPIUKER, R.,
LORTHOLARY, O., BOUGNOUX, M. E. & TOUBIANA, J. 2020. Diagnostic
accuracy of serum (1,3)-beta-d-glucan for neonatal invasive candidiasis:
systematic review and meta-analysis. Clinical Microbiology and Infection, 26,
291-298.

CORDEIRO, R. A., SALES, J. A., PONTE, Y. B., MENDES, P. B. L., SERPA,
R., EVANGELISTA, A. J., ALENCAR, L. P, PEREIRA-NETO, W. A,
BRILHANTE, R. S. N., SIDRIM, J. J. C., CASTELO-BRANCO, D. & ROCHA,
M. F. G. 2018. Phenotype-driven strategies for screening Candida parapsilosis
complex for molecular identification. Brazilian Journal of Microbiology, 49 Suppl
1, 193-198.

CORNELY, O. A., HOENIGL, M., LASS-FL6RL, C., CHEN, S. C.-A,
KONTOYIANNIS, D. P, MORRISSEY, C. O.,, THOMPSON Ill, G. R,
EDUCATION, F. T. M. S. G., CONSORTIUM, R. & MYCOLOGY, T. E. C. O. M.
2019. Defining breakthrough invasive fungal infection—Position paper of the
mycoses study group education and research consortium and the European
Confederation of Medical Mycology. Mycoses, 62, 716-729.

COVEL, J., SOLTOW, Q., KAPOOR, M., MOLONEY, M., WEBB, P., TRZOSS,
M., SHARP, M. & SHAW, K. 2019. The Discovery of Manogepix/Fosmanogepix
and Other Gwt1 Inhibitors for the Treatment of Invasive Fungal Infections.
Medicinal Chemistry Reviews, 54, 221-237.

103



DA SILVA, B. V., SILVA, L. B.,, DE OLIVEIRA, D. B., DA SILVA, P. R,
FERREIRA-PAIM, K., ANDRADE-SILVA, L. E., SILVA-VERGARA, M. L. &
ANDRADE, A. A. 2015. Species Distribution, Virulence Factors, and Antifungal
Susceptibility Among Candida parapsilosis Complex Isolates Recovered from
Clinical Specimens. Mycopathologia, 180, 333-43.

DA SILVA, E. M., SCIUNITI BENITES MANSANO, E., DE SOUZA BONFIM-
MENDONCcA, P.,, OLEGaRIO, R., TOBALDINI-VALéRIO, F., FIORINI, A. &
SVIDZINSKI, T. I. E. 2021. High colonization by Candida parapsilosis sensu
stricto on hands and surfaces in an adult intensive care unit. Journal of Medical
Mycology, 31, 101110.

DANESHNIA, F., DE ALMEIDA JuNIOR, J. N., ILKIT, M., LOMBARDI, L.,
PERRY, A. M., GAO, M., NOBILE, C. J., EGGER, M., PERLIN, D. S., ZHAI, B.,
HOHL, T. M., GABALDON, T., COLOMBO, A. L. HOENIGL, M. &
ARASTEHFAR, A. 2023a. Worldwide emergence of fluconazole-resistant
Candida parapsilosis: current framework and future research roadmap. Lancet
Microbe, 4, e470-e480.

DANESHNIA, F., HILMIOGLU-POLAT, S., ILKIT, M., FUENTES, D.,
LOMBARDI, L., BINDER, U., SCHELER, J., HAGEN, F., MANSOUR, M. K.,
BUTLER, G., LASS-FL6RL, C., GABALDON, T. & ARASTEHFAR, A. 2023b.
Whole-genome sequencing confirms a persistent candidaemia clonal outbreak
due to multidrug-resistant Candida parapsilosis. Journal of Antimicrobial
Chemotherapy, 78, 1488-1494.

DANZIGER-ISAKOV, L. A., WORLEY, S., ARRIGAIN, S., AURORA, P,
BALLMANN, M., BOYER, D., CONRAD, C., EICHLER, |., ELIDEMIR, O.,
GOLDFARSB, S., MALLORY, G. B., JR., MICHAELS, M. G., MICHELSON, P,
MOGAYZEL, P. J., JR., PARAKININKAS, D., SOLOMON, M., VISNER, G,,
SWEET, S. & FARO, A. 2008. Increased mortality after pulmonary fungal
infection within the first year after pediatric lung transplantation. Journal of
Heart Lung Transplant, 27, 655-61.

DE CAROLIS, E., HENSGENS, L., VELLA, A, POSTERARO, B,
SANGUINETTI, M., SENESI, S., TAVANTI, A., DE CAROLIS, E,,
POSTERARO, B. & SANGUINETTI, M. 2014. Identification and typing of the
Candida parapsilosis complex: MALDI-TOF MS vs. AFLP. Medical Mycology,
52, 123-130.

DE PAULA MENEZES, R., DE OLIVEIRA MELO, S. G., BESSA, M. A. S,,
SILVA, F. F., ALVES, P. G. V,, ARAUJO, L. B., PENATTI, M. P. A., ABDALLAH,
V. O. S., VON DOLLINGER DE BRITO RO6DER, D. & DOS SANTOS
PEDROSO, R. 2020. Candidemia by Candida parapsilosis in a neonatal
intensive care unit: human and environmental reservoirs, virulence factors, and
antifungal susceptibility. Brazilian Journal of Microbiology : [publication of the
Brazilian Society for Microbiology], 51, 851-860.

DE TORO, M., TORRES, M. J., MAITE, R. & AZNAR, J. 2011. Characterization
of Candida parapsilosis complex isolates. Clinical Microbiology and Infection,
17,418-24.

104



DELFINO, D., SCORDINO, F., PERNICE, I.,, LO PASSO, C., GALBO, R,
DAVID, A., BARBERI, I., CRISEO, G., CASCIO, A. & ROMEO, O. 2014.
Potential association of specific Candida parapsilosis genotypes, bloodstream
infections and colonization of health workers' hands. Clinical Microbiology and
Infection, 20, 0946-0951.

DEMIRCI-DUARTE, S., ARIKAN-AKDAGLI, S. & GULMEZ, D. 2021. Species
distribution, azole resistance and related molecular mechanisms in invasive
Candida parapsilosis complex isolates: Increase in fluconazole resistance in 21
years. Mycoses, 64, 823-830.

DEVRIM, i., isGUDER, R., AN, H., CEYLAN, G., AYHAN, Y., SANDAL O, S.,
SARI, F., KARA, A., DUZGéL, M., GULFIDAN, G. & BAYRAM, N. 2016.
Outcome of Candida parapsilosis Complex Infections Treated with Caspofungin
in Children. Mediterranean Journal of Hematology and Infectious Disease, 8,
e2016042.

DJORDJEVIC, D., WIEDMANN, M. & MCLANDSBOROUGH, L. A. 2002.
Microtiter plate assay for assessment of Listeria monocytogenes biofilm
formation. Applied and Environmental Microbiology, 68, 2950-8.

DOS SANTOS, M. M. & ISHIDA, K. 2023. We need to talk about Candida
tropicalis: Virulence factors and survival mechanisms. Medical Mycology, 61.

RUMMOND, R. A., DESAI, J. V., RICOTTA, E. E., SWAMYDAS, M., DEMING,
C., CONLAN, S., QUINONES, M., MATEI-RASCU, V., SHERIF, L., LECKY, D.,
LEE, C. R., GREEN, N. M., COLLINS, N., ZELAZNY, A. M., PREVOTS, D. R,
BENDING, D., WITHERS, D., BELKAID, Y., SEGRE, J. A. & LIONAKIS, M. S.
2022. Long-term antibiotic exposure promotes mortality after systemic fungal
infection by driving lymphocyte dysfunction and systemic escape of commensal
bacteria. Cell Host Microbe, 30, 1020-1033.e6.

DUCASSOU, S., RIVAUD, D., AUVRIGNON, A., VéRITé, C., BERTRAND, Y.,
GANDEMER, V. & LEVERGER, G. 2015. Invasive Fungal Infections in
Pediatric Acute Myelogenous Leukemia. Pediatric Infectious Disease Journal,
34, 1262-4.

ESCRIBANO, P. & GUINEA, J. 2022. Fluconazole-resistant Candida
parapsilosis: A new emerging threat in the fungi arena. Frontiers in Fungal
Biology, 3,1010782.

FANG, W., WU, J., CHENG, M., ZHU, X,, DU, M., CHEN, C., LIAO, W., ZHI, K.
& PAN, W. 2023. Diagnosis of invasive fungal infections: challenges and recent
developments. Journal of Biomedical Science, 30, 42.

FANNING, S. & MITCHELL, A. P. 2012. Fungal biofilms. PLoS Pathogens, 8,
e1002585.

105



FEISTEL, D. J., ELMOSTAFA, R., NGUYEN, N., PENLEY, M., MORRAN, L. &
HICKMAN, M. A. 2019. A Novel Virulence Phenotype Rapidly Assesses
Candida Fungal Pathogenesis in Healthy and Immunocompromised
Caenorhabditis elegans Hosts. mSphere, 4.

FEKKAR, A., BLAIZE, M., BOUGLE, A., NORMAND, A. C., RAOELINA, A.,
KORNBLUM, D., KAMUS, L., PIARROUX, R. & IMBERT, S. 2023. Hospital
outbreak of fluconazole-resistant Candida parapsilosis: arguments for clonal
transmission and long-term persistence. Antimicrobial Agents of
Chemotherapy, 65, e02036-20.

FERRERAS-ANTOLIN, L., BIELICKI, J., WARRIS, A., SHARLAND, M., HSIA,
Y. & NETWORK, G. 2021. Global Divergence of Antifungal Prescribing
Patterns: Data From the Global Antimicrobial Resistance, Prescribing, and
Efficacy in Neonates and Children Surveys. The Pediatric Infectious Disease
Journal, 40, 327-332.

FERRERAS-ANTOLIN, L., BORMAN, A., DIEDERICHS, A., WARRIS, A. &
LEHRNBECHER, T. 2022. Serum Beta-D-Glucan in the Diagnosis of Invasive
Fungal Disease in Neonates, Children and Adolescents: A Critical Analysis of
Current Data. Journal of Fungi (Basel), 8,1262.

FUCHS, B. & MYLONAKIS, E. 2006. Using non-mammalian hosts to study
fungal virulence and host defense. Current Opinion in Microbiology, 9, 346-51.

FUNK, C. D. 2001. Prostaglandins and leukotrienes: advances in eicosanoid
biology. Science, 294, 1871-5.

FUSCH, C., BAUER, K., BOHLES, H. J., JOCHUM, F., KOLETZKO, B.,
KRAWINKEL, M., KROHN, K. & MUHLEBACH, S. 2009.
Neonatology/Paediatrics - Guidelines on Parenteral Nutrition, Chapter 13.
German Medical Science, 7, Doc15.

GaCSER, A., TROFA, D., SCHaFER, W. & NOSANCHUK, J. D. 2007. Targeted
gene deletion in Candida parapsilosis demonstrates the role of secreted lipase
in virulence. Journal of Clinical Investigation, 117, 3049-58.

GAMALETSOU, M. N., RAMMAERT, B., BUENO, M. A., SIPSAS, N. V,,
MORIYAMA, B., KONTOYIANNIS, D. P, ROILIDES, E., ZELLER, V., TAJ-
ALDEEN, S. J., MILLER, A. O., PETRAITIENE, R., LORTHOLARY, O. &
WALSH, T. J. 2016. Candida Arthritis: Analysis of 112 Pediatric and Adult
Cases. Open Forum Infectious Diseases, 3, ofv207.

GARCIA-EFFRON, G., CANTON, E., PEMaN, J., DILGER, A., ROM3, E. &
PERLIN, D. S. 2011. Assessment of two new molecular methods for
identification of Candida parapsilosis sensu lato species. Journal of Clinical
Microbiology, 49, 3257-61.

106



GARZILLO, C., BAGATTINI, M., BOGDANOVI¢, L., DI POPOLO, A., IULA, V.
D., CATANIA, M. R., RAIMONDI, F., TRIASSI, M. & ZARRILLI, R. 2017. Risk
factors for Candida parapsilosis bloodstream infection in a neonatal intensive
care unit: a case-control study. /talian Journal of Pediatrics, 43, 10.

GE, Y. P, HE, G. X,, LIN, T., LU, G. X., SHEN, Y. N. & LIU, W. D. 2011. First
isolation of Candida dubliniensis from oral cavities of dermatological patients in
Nanjing, China. Mycopathologia, 172, 465-71.

GERMS-SA 2017. GERMS-SA ANNUAL REPORT 2017. NICD, 13-15.

GHANNOUM, M. A. 2000. Potential role of phospholipases in virulence and
fungal pathogenesis. Clinical Microbiology Reviews, 13, 122-43.

GIL-ALONSO, S., JAUREGIZAR, N., ERASO, E. & QUINDG6S, G. 2016.
Postantifungal effect of caspofungin against the Candida albicans and Candida
parapsilosis clades. Diagnostic Microbiology and Infectious Disease, 86, 172-
7.

GLUSHAKOVA, A., KACHALKIN, A. & RODIONOVA, E. 2023. Hydrolytic
Enzyme Production and Susceptibility to Antifungal Compounds of
Opportunistic Candida parapsilosis Strains Isolated from Cucurbitaceae and
Rosaceae Fruits. Applied Microbiology, 3, 199-211.

GOMEZ-MOLERO, E., WILLIS, J. R., DUDAKOVA, A., CARRET¢, L., WEIG,
M., GROR, U., GACSER, A., GABALDON, T. & BADER, O. 2020. Phenotypic
Variability in a Coinfection With Three Independent Candida parapsilosis
Lineages. Frontiers in Microbiology, 11.

GONIA, S., ARCHAMBAULT, L., SHEVIK, M., ALTENDAHL, M., FELLOWS, E.,
BLISS, J. M., WHEELER, R. T. & GALE, C. A. 2017. Candida parapsilosis
Protects Premature Intestinal Epithelial Cells from Invasion and Damage by
Candida albicans. Frontiers in Pediatrics, 5.

GOVENDER, N. P., HANI BARAGWANATH, C., PATEL, J., MAGOBO, R. E,,
NAICKER, S., WADULA, J., WHITELAW, A., COOVADIA, Y., KULARATNE, R.,
GOVIND, C., LOCKHART, S. R., ZIETSMAN, I. L., RENSBURG, V., VAN
RENSBURG, C. J., SCHUUR, G., ZIETSMAN, I., MILLER, N., SMITH, P., VAN
GREUNE, J., BRINK, A., BIKO PRETORIA, S., HOOSEN, A., MAXEKE
JOHANNESBURG, C., PEROVIC, O., MUKHARI, G., NCHABALENG, M.,
ORTH, H., ALBERT LUTHULI, I., BADENHORST, L., LABORATORIES, L.,
MOOLMAN, J., PEER, A., JOSEPH, H., MOOSA, R., BHAGOOBHAI, B.,
PRINSLOO, B., HAFFEJEE, S., SIMPSON, J., FERREIRA, R., HOYLAND, G.,
VAN SCHALKWYK, M., BOWIE, G., HANISE, P., VASAIKAR, S., WENDE, L.,
CHILLER, T., AHLQUIST-CLEVELAND, A., LOCKHART, S. & GROUP, T. R.-S.
A. 2016. Emergence of azole-resistant Candida parapsilosis causing
bloodstream infection: results from laboratory-based sentinel surveillance in
South Africa. The Journal of Antimicrobial Chemotherapy, 71, 1994-2004.

107



GOVENDER, N. P, MAGOBO, R. E., MPEMBE, R., MHLANGA, M.,
MATLAPENG, P., CORCORAN, C., GOVIND, C., LOWMAN, W., SENEKAL, M.
& THOMAS, J. 2018. Candida auris in South Africa, 2012-2016. Emerging
Infectious Diseases, 24, 2036-2040.

GRAF, B., ADAM, T,, ZILL, E. & G6BEL, U. B. 2000. Evaluation of the VITEK 2
system for rapid identification of yeasts and yeast-like organisms. Journal of
Clinical Microbiology, 38, 1782-5.

GROZER, Z., T6TH, A., TéTH, R., KECSKEMEeTI, A., VaGVoLGYI, C.,
NOSANCHUK, J. D., SZEKERES, A. & GA&CSER, A. 2015. Candida
parapsilosis produces prostaglandins from exogenous arachidonic acid and
OLEZ2 is not required for their synthesis. Virulence, 6, 85-92.

GUEMBE, M., CRUCES, R., PELaEZ, T., MUAOZ, P. & BOUZA, E. 2017.
Assessment of biofilm production in Candida isolates according to species and
origin of infection. Enfermedades Infecciosas y Microbiologia Clinica, 35, 37-
40.

GUINEA, J., MEZQUITA, S., GOMEZ, A., PADILLA, B., ZAMORA, E.,
SaNCHEZ-LUNA, M., SGNCHEZ-CARRILLO, C., MUAROZ, P. & ESCRIBANO,
P. 2021. Whole genome sequencing confirms Candida albicans and Candida
parapsilosis microsatellite sporadic and persistent clones causing outbreaks of
candidemia in neonates. Medical Mycology, 60.

GUITARD, J., TABONE, M. D., SENGHOR, Y., CROS, C., MOISSENET, D.,
MARKOWICZ, K., VALIN, N., LEVERGER, G. & HENNEQUIN, C. 2016.
Detection of B-D-glucan for the diagnosis of invasive fungal infection in children
with hematological malignancy. Journal of Infection, 73, 607-615.

HAMULA, C. L., HUGHES, K., FISHER, B. T., ZAOUTIS, T. E., SINGH, I|. R. &
VELEGRAKI, A. 2016. T2Candida Provides Rapid and Accurate Species
Identification in Pediatric Cases of Candidemia. American Journal of Clinical
Pathology, 145, 858-61.

HAN, J. H., CHOI, S. & YOO, J. H. 2022. Diagnosis and treatment for primary
Candida parapsilosis infection of the native knee joint: A case report.
International Journal of Surgery Case Rep, 91, 106730.

HAQUE, M., MCKIMM, J., SARTELLI, M., DHINGRA, S., LABRICCIOSA, F. M.,
ISLAM, S., JAHAN, D., NUSRAT, T., CHOWDHURY, T. S., COCCOLINI, F,,
ISKANDAR, K., CATENA, F. & CHARAN, J. 2020. Strategies to Prevent
Healthcare-Associated Infections: A Narrative Overview. Risk Management and
Healthcare Policy, 13, 1765-1780.

HASSAN, D. M., YOUSEF, R. H. A., ABU ELHAMED, W. A, ALI, A. A. &
MADKOUR, L. A. 2019. Candidemia in the Neonatal Intensive Care Unit:
Insights on Epidemiology and Antifungal Drug Susceptibility Patterns. Archives
of Pediatrics Infectious Diseases, 7, €81090.

108



HEREK, T. C., MENEGAZZO, V. R., OGAKI, M. B., PERINI, H. F., MAIA, L. F.
& FURLANETO, M. C. 2019. Biofilm formation by blood isolates of Candida
parapsilosis sensu stricto in the presence of a hyperglycidic solution at
comparable concentrations of total parenteral nutrition. Revista da Sociedade
Brasileira de Medicina Tropical, 52.

HILMIOgLU-POLAT, S., SHARIFYNIA, S., OZ, Y., ASLAN, M., GUNDOgDU, N.,
SERIN, A., RAFATI, H., MOHAMMADI, F., YEsIM-METIN, D., D6GEN, A., ILKIT,
M. & SEYEDMOUSAVI, S. 2018. Genetic Diversity and Antifungal Susceptibility
of Candida parapsilosis Sensu Stricto Isolated from Bloodstream Infections in
Turkish Patients. Mycopathologia, 183, 701-708.

HODGES, M. R., OPLE, E., WEDEL, P., SHAW, K. J., JAKATE, A., KRAMER,
W. G., MARLE, S. V., VAN HOOGDALEM, E.-J. & TAWADROUS, M. 2023.
Safety and Pharmacokinetics of Intravenous and Oral Fosmanogepix, a First-
in-Class Antifungal Agent, in Healthy Volunteers. Antimicrobial Agents and
Chemotherapy, 67.

HORVATH, L. L., GEORGE, B. J., MURRAY, C. K., HARRISON, L. S. &
HOSPENTHAL, D. R. 2004. Direct comparison of the BACTEC 9240 and
BacT/ALERT 3D automated blood culture systems for candida growth
detection. Journal of Clinical Microbiology, 42, 115-8.

HUANG, X., LI, D., XI, L. & MYLONAKIS, E. 2014. Caenorhabditis elegans: A
Simple Nematode Infection Model for Penicillium marneffei. PloS One, 9,
e108764.

HUPPLER, A. R., FISHER, B. T., LEHRNBECHER, T., WALSH, T. J. &
STEINBACH, W. J. 2017. Role of Molecular Biomarkers in the Diagnosis of
Invasive Fungal Diseases in Children. Journal of Pediatric Infectious Disease
Society, 6, S32-s44.

IRAZOQUI, J. E., URBACH, J. M. & AUSUBEL, F. M. 2010. Evolution of host
innate defence: insights from Caenorhabditis elegans and primitive
invertebrates. Nature Reviews Immunology, 10, 47-58.

JIN, Y, YIP, H. K., SAMARANAYAKE, Y. H., YAU, J. Y. & SAMARANAYAKE, L.
P. 2003. Biofilm-forming ability of Candida albicans is unlikely to contribute to
high levels of oral yeast carriage in cases of human immunodeficiency virus
infection. Journal of Clinical Microbiology, 41, 2961-7.

JONES, J., SANASI-BHOLA, K., AL-HASAN, M. N., REIHART, L., JUSTO, J.
A. & BOOKSTAVER, P. B. 2022. Candida parapsilosis bloodstream infection in
an immunocompromised host with discordant multiplex polymerase chain
reaction and conventional blood culture results: a case report. Therapeutic
Advances in Infectious Disease, 9, 1-6. 20499361221138446.

JONES, J. M., SARSAM, M. A., CLARKE, M. A. & HEDDERWICK, S. A. 2002.

Candida parapsilosis: two cases of endocarditis in association with the Toronto
stentless porcine valve. Journal of Infection, 44, 196-8.

109



JUNQUEIRA, J. C. 2012. Galleria mellonella as a model host for human
pathogens: recent studies and new perspectives. Virulence, 3, 474-6.

JUYAL, D., KOTIAN, S., SANGWAN, J., RATHAUR, V. & SHARMA, N. 2014.
Clinico-epidemiological profile, risk factors and prognosis of neonatal
candidemia due to Candida parapsilosis — an emerging threat to neonates.
International Journal of Health & Allied Sciences. International Journal of Health
& Allied Sciences, 3, 100-104.

KANG, C.-M., CHEN, X.-J., CHIH, C.-C., HSU, C.-C., CHEN, P.-H., LEE, T. F,,
TENG, L.-J. & HSUEH, P.-R. 2020. Rapid identification of bloodstream bacterial
and fungal pathogens and their antibiotic resistance determinants from
positively flagged blood cultures using the BioFire FilmArray blood culture
identification panel. Journal of Microbiology, Immunology and Infection, 53,
882-891.

KARIMI, L., MIRHENDI, H., KHODADADI, H. & MOHAMMADI, R. 2015.
Molecular identification of uncommon clinical yeast species in Iran. Current
Medical Mycology, 1, 1-6.

KAUR, H., KANAUJIA, R., SINGH, S., KAJAL, K., JAYASHREE, M., PETER,
N. J., VERMA, S., GUPTA, M., RAY, P, GHOSH, A.,, SAMUJH, R. &
RUDRAMURTHY, S. M. 2023. Clinical utility of time to positivity of blood
cultures in cases of fungaemia: A prospective study. Indian Journal of Medical
Microbiology, 43, 85-89.

KEIGHLEY, C., POPE, A. L., MARRIOTT, D., CHEN, S. C. & SLAVIN, M. A.
2023. Time-to-positivity in bloodstream infection for Candida species as a
prognostic marker for mortality. Medical Mycology, 61.

KILIC, A. U., BASAGA, S. M., CEVAHIR, F., CAKIR, O., DOGANAY, M. & ALP,
E. 2020. Risk prediction for candidemia in surgical intensive care unit patients.
Northern Clinics of Istanbul, 7, 348-353.

KIM, H. Y., HUH, H. J., CHOI, R,, KI, C. S. & LEE, N. Y. 2015. Three cases of
candidiasis misidentified as Candida famata by the Vitek 2 system. Annals of
Laboratory Medicine, 35, 175-7.

KIM, S.-H., MUN, S. J., KANG, J. S., MOON, C., KIM, H.-T. & LEE, H. Y. 2023.
Multifaceted Evaluation of Antibiotic Therapy as a Factor Associated with
Candidemia in Non-Neutropenic Patients. Journal of Fungi, 9, 270.

KIM, S.-H., YOON, Y. K., KIM, M. J. & SOHN, J. W. 2013. Clinical impact of
time to positivity for Candida species on mortality in patients with candidaemia.
Journal of Antimicrobial Chemotherapy, 68, 2890-2897.

KING, J., PANA, Z.-D., LEHRNBECHER, T., STEINBACH, W. J. & WARRIS, A.
2017a. Recognition and Clinical Presentation of Invasive Fungal Disease in

Neonates and Children. Journal of the Pediatric Infectious Diseases Society, 6,
S12-S21.

110



KING, J., PANA, Z. D., LEHRNBECHER, T., STEINBACH, W. J. & WARRIS, A.
2017b. Recognition and Clinical Presentation of Invasive Fungal Disease in
Neonates and Children. Journal of the Pediatric Infectious Diseases Society, 6,
S12-S21.

KRIFORS, A., ULLBERG, M., CASTEGREN, M., PETERSSON, J.,
SPARRELID, E., HAMMARSTROEM, H., SJOLIN, J., OEZENCI, V. &
BLENNOW, O. 2022. T2Candida Assay in the Diagnosis of Intraabdominal
Candidiasis : A Prospective Multicenter Study. Journal of Fungi, 8,86.

KUHN, D. M., CHANDRA, J., MUKHERJEE, P. K. & GHANNOUM, M. A. 2002.
Comparison of biofilms formed by Candida albicans and Candida parapsilosis
on bioprosthetic surfaces. Infection and Immunity, 70, 878-88.

KUKHAR, Y., SMAGULOVA, A., DANIYAROVA, A., BAIDUISSENOVA, A. &
KIYAN, V. 2020. Candida parapsilosis as a Causative Agent of Onychomycosis
in Patient with Cirrhosis of the Liver. Journal of Fungi, 6, 313.

LAMY, B. 2019. Blood culture time-to-positivity: making use of the hidden
information. Clinical Microbiology and Infection, 25, 268-271.

LATTIF, A. A.,, MUKHERJEE, P. K., CHANDRA, J., SWINDELL, K., LOCKHART,
S. R., DIEKEMA, D. J., PFALLER, M. A. & GHANNOUM, M. A. 2010.
Characterization of biofilms formed by Candida parapsilosis, C. metapsilosis,
and C. orthopsilosis. International Journal of Medical Microbiology, 300, 265-
70.

LAUSCH, K. R., SCHULTZ DUNGU, K. H., CALLESEN, M. T., SCHR@DER, H.,
ROSTHaJ, S., POULSEN, A., JSTERGAARD, L., MORTENSEN, K. L.,
STORGAARD, M., SCHgNHEYDER, H. C., SaGAARD, M. & ARENDRUP, M.
C. 2019. Pediatric Candidemia Epidemiology and Morbidities: A Nationwide
Cohort. Pediatric Infectious Disease Journal, 38, 464-469.

LEE, Y., ROBBINS, N. & COWEN, L. E. 2023. Molecular mechanisms
governing antifungal drug resistance. Nature Partner Journal Antimicrobials
and Resistance, 1, 5.

LI, P. H., CHEN, C. C. & LIOU, S. W. 2016. Candida parapsilosis keratitis
treated successfully with topical and oral fluconazole. Taiwan Journal of
Ophthalmology, 6, 155-157.

LIN, D., WU, L. C., RINALDI, M. G. & LEHMANN, P. F. 1995. Three distinct
genotypes within Candida parapsilosis from clinical sources. Journal of Clinical
Microbiology, 33, 1815-21.

LIU, M., HUANG, S., GUO, L., LI, H.,, WANG, F., ZHANG, Q. I. & SONG, G.
2015. Clinical features and risk factors for blood stream infections of Candida
in neonates. Experimental and Therapeutics Medicine, 10, 1139-1144.

LUCIGNANO, B., CENTO, V., AGOSTA, M., AMBROGI, F., ALBITAR-NEHME,
S., MANCINELLI, L., MATTANA, G., ONORI, M., GALAVERNA, F., DI CHIARA,
L., FRAGASSO, T.,, BIANCHI, R., TORTORA, F., AURITI, C., DOTTA, A.,

111



CECCHETTI, C., PERDICHIZZI, S., RAPONI, M., ONETTI MUDA, A., NERINI
MOLTENI, S., VILLANI, A., LOCATELLI, F., PERNO, C. F. & BERNASCHI, P.
2022. Effective Rapid Diagnosis of Bacterial and Fungal Bloodstream Infections
by T2 Magnetic Resonance Technology in the Pediatric Population. Journal of
Clinical Microbiology, 60, e0029222.

MAERTENS, J., PAGANO, L., AZOULAY, E. & WARRIS, A. 2022. Liposomal
amphotericin B-the present. Journal of Antimicrobial Chemotherapy, 77, ii11-
ii20.

MAGOBO, R. E., NAICKER, S. D., WADULA, J., NCHABELENG, M.,
COOVADIA, Y., HOOSEN, A., LOCKHART, S. R. & GOVENDER, N. P. 2017.
Detection of neonatal unit clusters of Candida parapsilosis fungaemia by
microsatellite genotyping: Results from laboratory-based sentinel surveillance,
South Africa, 2009-2010. Mycoses, 60, 320-327.

MALINOVSK4, Z., CONKOVa, E. & VACZI, P. 2023. Biofilm Formation in
Medically Important Candida Species. Journal of Fungi, 9, 955.

MALUNGA, C., NANA, T. & BALLOT, D. 2020. A case—control study of
candidaemia in very low birthweight infants in a tertiary hospital in
Johannesburg. Wits Journal of Clinical Medicine, 2, 25-30.

MANZONI, P., FARINA, D., LEONESSA, M., D'OULX, E. A., GALLETTO, P,
MOSTERT, M., MINIERO, R. & GOMIRATO, G. 2006. Risk factors for
progression to invasive fungal infection in preterm neonates with fungal
colonization. Pediatrics, 118, 2359-64.

MARAIS, E., STEWART, R., DUSé, A. G., ROSEKILLY, I. C., DE JONG, G. &
AITHMA, N. 2004. Candida parapsilosis detected in TPN using the BacT/Alert
system and characterized by randomly amplified polymorphic DNA. Journal of
Hospital Infection, 56, 291-296.

MARZUCCO, A., GATTI, G., MONTANARI, M. S., FANTINI, M., COLOSIMO,
C., TAMBURINI, M. V., ARFILLI, V., MOROTTI, M., SCHIAVONE, P,
CONGESTRI, F., MANERA, M., DENICOLO, A., BRANDOLINI, M., TADDEI, F.,
GRUMIRO, L., ZANNOLI, S., DIRANI, G., DE PASCALI, A. M., SAMBRI, V. &
CRICCA, M. 2024. Evaluation of Biofilm Production and Antifungal
Susceptibility to Fluconazole in Clinical Isolates of Candida spp. in Both
Planktonic and Biofilm Form. Microorganisms, 12.

MCDONNELL, G. & RUSSELL, A. D. 1999. Antiseptics and Disinfectants:
Activity, Action, and Resistance. Clinical Microbiology Reviews, 12, 147-179.

MELO, A. S., BIZERRA, F. C., FREYMULLER, E., ARTHINGTON-SKAGGS, B.
A. & COLOMBO, A. L. 2011. Biofilm production and evaluation of antifungal
susceptibility amongst clinical Candida spp. isolates, including strains of the
Candida parapsilosis complex. Medical Mycology, 49, 253-262.

112



MENDOZA, S. R., ZAMITH-MIRANDA, D., TAKaCS, T., GACSER, A,
NOSANCHUK, J. D. & GUIMARAEES, A. J. 2021. Complex and Controversial
Roles of Eicosanoids in Fungal Pathogenesis. Journal of Fungi, 7, 254.

MENEZES, R. D. P,, FERREIRA, I. C. D. S., LOPES, M. S. M., DE JESUS, T.
A., DE ARAUJO, L. B., SANTOS PEDROSO, R. D. & R6DER, D. V. D. D. B.
2024. Epidemiological indicators and predictors of lethality associated with
fungal infections in a NICU: a historical series. Jornal de Pediatria (English
Edition), 100, 267-276.

MESQUIDA, A., MACHADO, M., DaVILA-CHERRES, L., VICENTE, T,
SaNCHEZ-CARRILLO, C., ALCALA, L., REIGADAS, E., MUAOZ, P., GUINEA,
J. & ESCRIBANO, P. 2023. The Gastrointestinal Tract Is Pinpointed as a
Reservoir of Candida albicans, Candida parapsilosis, and Candida tropicalis
Genotypes Found in Blood and Intra-Abdominal Samples. Journal of Fungi, 9,
732.

MIKULSKA, M., ULLAH, N., MAGNASCO, L., CODDA, G., BARTALUCCI, C.,
MILETICH, F., SEPULCRI, C., WILLISON, E., VENA, A., GIACOBBE, D. R., DI
PILATO, V., ROBBA, C., BALL, L., MARCHESE, A. & BASSETTI, M. 2024.
Lower (1,3)-beta-d-glucan sensitivity and in vitro levels in Candida auris and
Candida parapsilosis strains. Clinical Microbiology and Infection, 30, 822-827.

MIRANDA, L. D. N., RODRIGUES, E. C. A., COSTA, S. F,, HEIJDEN, |. M. V.
D., DANTAS, K. C., LOBO, R. D., BASSO, M., VARKULJA, G. F., KREBS, V. L.
J., GIBELLI, M. A. B. C., CRIADO, P. R. & LEVIN, A. S. 2012. Candida
parapsilosis candidaemia in a neonatal unit over 7 years: a case series study.
British Medical Journal Open, 2, e000992.

MODIRI, M., KHODAVAISY, S., BARAC, A., AKBARI DANA, M., NAZEMI, L.,
AALA, F., SALEHI, M. & REZAIE, S. 2019. Comparison of biofilm-producing
ability of clinical isolates of Candida parapsilosis species complex. Journal de
Mycologie Medicale, 29, 140-146.

MORA-DUARTE, J., BETTS, R., ROTSTEIN, C., COLOMBO, A. L.,
THOMPSON-MOYA, L., SMIETANA, J., LUPINACCI, R., SABLE, C,,
KARTSONIS, N. & PERFECT, J. 2002. Comparison of caspofungin and
amphotericin B for invasive candidiasis. New England Journal of Medicine, 347,
2020-9.

MOUDGAL, V., LITTLE, T, BOIKOV, D. & VAZQUEZ, J. A. 2005.
Multiechinocandin- and multiazole-resistant Candida parapsilosis isolates
serially obtained during therapy for prosthetic valve endocarditis. Antimicrobial
Agents and Chemotherapy, 49, 767-9.

MYLONAKIS, E., CLANCY, C. J., OSTROSKY-ZEICHNER, L., GAREY, K. W.,
ALANGADEN, G. J., VAZQUEZ, J. A., GROEGER, J. S., JUDSON, M. A.,
VINAGRE, Y.-M., HEARD, S. O., ZERVOU, F. N., ZACHARIOUDAKIS, I. M.,
KONTOYIANNIS, D. P. & PAPPAS, P. G. 2015. T2 Magnetic Resonance Assay
for the Rapid Diagnosis of Candidemia in Whole Blood: A Clinical Trial. Clinical
Infectious Diseases, 60, 892-899.

113



NAICKER, S. D., MAGOBO, R. E., ZULU, T. G., MAPHANGA, T. G., LUTHULLI,
N., LOWMAN, W. & GOVENDER, N. P. 2016. Two echinocandin-resistant
Candida glabrata FKS mutants from South Africa. Medical Mycology Case Rep,
11, 24-6.

NATACHA, M., BERDIEKE, G., SANDRINE, B. & ANN, P. 2022.
Implementation of MALDI-TOF Mass Spectrometry to Identify Fungi From the
Indoor Environment as an Added Value to the Classical Morphology-Based
|dentification Tool. 3. Frontiers in Allergy, 3:826148.

NEJI, S., HADRICH, |, TRABELSI, H., ABBES, S., CHEIKHROUHOU, F,,
SELLAMI, H., MAKNI, F. & AYADI, A. 2017. Virulence factors, antifungal
susceptibility and molecular mechanisms of azole resistance among Candida
parapsilosis complex isolates recovered from clinical specimens. Journal of
Biomedical Sciences, 24, 67.

NEeMETH, T., TOTH, A., SZENZENSTEIN, J., HORVaTH, P., NOSANCHUK, J.
D.,GR6ZER, Z., T6TH, R., PAPP, C., HAMARI, Z., VaGVo6LGY]I, C. & GAaCSER,
A. 2013. Characterization of virulence properties in the C. parapsilosis sensu
lato species. PLoS One, 8, e68704.

NGUYEN, M. H., PEACOCK, J. E., JR., MORRIS, A. J., TANNER, D. C,,
NGUYEN, M. L., SNYDMAN, D. R., WAGENER, M. M., RINALDI, M. G. & YU,
V. L. 1996. The changing face of candidemia: emergence of non-Candida
albicans species and antifungal resistance. American Journal of Medicine, 100,
617-23.

NOVERR, M. C., TOEWS, G. B. & HUFFNAGLE, G. B. 2002. Production of
prostaglandins and leukotrienes by pathogenic fungi. Infection and immunity,
70, 400-402.

OZKAYA-PARLAKAY, A., TEZER, H., KAZMACAN, T., GULHAN, B. & UNAL,
S. 2014. Successful treatment of an infant infected with refractory C.
parapsilosis with caspofungin. Journal of Tropical Pediatrics, 60, 329-30.

PAKSHIR, K., KARIMI, F., ZOMORODIAN, K., ANSARI, S., NOURAEI, H. &
GHARAVI, A. 2018. Molecular Discrimination of the Candida parapsilosis
Species Complex via SADH Gene Analysis and Evaluation of Proteinase
Activity Among the Isolates. Jundishapur Journal of Microbiology, 11, e69782.

PAMMI, M., HOLLAND, L., BUTLER, G., GACSER, A. & BLISS, J. M. 2013.
Candida parapsilosis is a significant neonatal pathogen: a systematic review
and meta-analysis. Pediatric Infectious Disease Journal, 32, e206-16.

PANDEY, N., GUPTA, M. K. & TILAK, R. 2018. Extracellular hydrolytic enzyme
activities of the different Candida spp. isolated from the blood of the Intensive
Care Unit-admitted patients. Journal of Laboratory Physicians, 10, 392-396.

114



PAPPAS, P. G., KAUFFMAN, C. A., ANDES, D. R., CLANCY, C. J., MARR, K.
A., OSTROSKY-ZEICHNER, L., REBOLI, A. C., SCHUSTER, M. G,
VAZQUEZ, J. A., WALSH, T. J., ZAOUTIS, T. E. & SOBEL, J. D. 2016. Clinical
Practice Guideline for the Management of Candidiasis: 2016 Update by the
Infectious Diseases Society of America. Clinical Infectious Diseases, 62, e1-50.

PAPPAS, P. G., LIONAKIS, M. S., ARENDRUP, M. C., OSTROSKY-
ZEICHNER, L. & KULLBERG, B. J. 2018. Invasive candidiasis. Nature Reviews
Disease Primers, 4, 18026.

PAULA-MATTIELLO, S., OLIVEIRA, S. D. & MEDINA-SILVA, R. 2017. In vitro
evaluation of hydrolytic enzyme activity and biofilm formation of Candida
parapsilosis species complex from a nosocomial environment. Revista da
Sociedade Brasileira Medicina Tropical, 50, 558-561.

PEIXOTO, P. H., SILVA, M. L., PORTELA, F. V., DA SILVA, B., MILANEZ, E.,
DE OLIVEIRA, D., RIBEIRO, A., DE ALMEIDA, H., LIMA-NETO, R., GUEDES,
G. M., CASTELO-BRANCO, D. & CORDEIRO, R. 2023. Clinical,
Epidemiological and Laboratory Features of Invasive Candida parapsilosis
Complex Infections in a Brazilian Pediatric Reference Hospital during the
COVID-19 Pandemic. Journal of Fungi (Basel), 9.

PETERS, A., OTTER, J., MOLDOVAN, A., PARNEIX, P., VOSS, A. & PITTET,
D. 2018. Keeping hospitals clean and safe without breaking the bank; summary
of the Healthcare Cleaning Forum 2018. Antimicrobial Resistance and Infection
Control, 7,132.

PFALLER, M. A., MESSER, S. A, MOET, G. J.,, JONES, R. N. &
CASTANHEIRA, M. 2011. Candida bloodstream infections: comparison of
species distribution and resistance to echinocandin and azole antifungal agents
in Intensive Care Unit (ICU) and non-ICU settings in the SENTRY Antimicrobial
Surveillance Program (2008-2009). International Journal of Antimicrobial
Agents, 38, 65-9.

PFEIFFER, C. D., SAMSA, G. P, SCHELL, W. A, RELLER, L. B., PERFECT,
J. R. & ALEXANDER, B. D. 2011. Quantitation of Candida CFU in initial positive
blood cultures. Journal of Clinical Microbiology, 49, 2879-83.

PILLAY, D., NAIDOO, L., SWE SWE-HAN, K. & MAHABEER, Y. 2021. Neonatal
sepsis in a tertiary unit in South Africa. BMC Infectious Diseases [Online], 21.

PIRES, R. H., DA SILVA, J. D. F., MARTINS, C. H., FUSCO ALMEIDA, A. M.,
PIENNA SOARES, C. & SOARES MENDES-GIANNINI, M. J. 2013.
Effectiveness of disinfectants used in hemodialysis against both Candida
orthopsilosis and C. parapsilosis sensu stricto biofilms. Antimicrobial Agents
and Chemotherapy, 57, 2417-21.

PRICE, M. F., WILKINSON, I. D. & GENTRY, L. O. 1982. Plate method for
detection of phospholipase activity in Candida albicans. Medical Mycology, 20,
7-14.

115



PUKKILA-WORLEY, R., PELEG, A. Y., TAMPAKAKIS, E. & MYLONAKIS, E.
2009. Candida albicans Hyphal Formation and Virulence Assessed Using a
Caenorhabditis elegans Infection Model. Eukaryotic Cell, 8, 1750-1758.

Ql, L., FAN, W., XIA, X,, YAO, L., LIU, L., ZHAO, H., KONG, X. & LIU, J. 2018a.
Nosocomial outbreak of Candida parapsilosis sensu stricto fungaemia in a
neonatal intensive care unit in China. Journal of hospital infection, 100, e246-
e252.

Ql, L., FAN, W., XIA, X,, YAO, L., LIU, L., ZHAO, H., KONG, X. & LIU, J. 2018b.
Nosocomial outbreak of Candida parapsilosis sensu stricto fungaemia in a
neonatal intensive care unit in China. Journal of Hospital Infection, 100, e246-
e252.

RalKKONEN, K., GISSLER, M., KAJANTIE, E. & TAPIAINEN, T. 2023.
Antenatal corticosteroid treatment and infectious diseases in children: a
nationwide observational study. Lancet Regional Health Europe, 35, 100750.

RAJENDRAN, R., SHERRY, L., NILE, C. J., SHERRIFF, A., JOHNSON, E. M.,
HANSON, M. F., WILLIAMS, C., MUNRO, C. A, JONES, B. J. & RAMAGE, G.
2016. Biofilm formation is a risk factor for mortality in patients with Candida
albicans bloodstream infection-Scotland, 2012-2013. Clinical Microbiology and
Infection, 22, 87-93.

RAMDIN, T. D., CHIBABHAI, V., SAGGERS, R. T., BANDINI, R. M. & BALLOT,
D. E. 2023. Epidemiology, risk factors and outcomes associated with
candidaemia in very low birth weight infants at a tertiary South African Hospital
over a 7-year period (2013-2019). Clinical Epidemiology and Global Health,
20, 101247.

RAMOS, L. D. S., BARBEDO, L. S., BRAGA-SILVA, L. A., SANTOS, A. L. S.
D., PINTO, M. R. & SGARBI, D. B. D. G. 2015. Protease and phospholipase
activities of Candida spp. isolated from cutaneous candidiasis. Revista
Iberoamericana de Micologia, 32, 122-125.

REISNER, B. S. & WOODS, G. L. 1999. Times to detection of bacteria and
yeasts in BACTEC 9240 blood culture bottles. Journal of Clinical Microbiology,
37, 2024-6.

RENATA, T., ADEL, T., CSABA, V. & ATTILA, G. 2017. Candida parapsilosis
Secreted Lipase as an Important Virulence Factor. Current Protein & Peptide
Science: CPPS [Online], 18.

RHOADS DANIEL, D., POURNARAS, S., LEBER, A., BALADA-LLASAT, J.-M.,
HARRINGTON, A., SAMBRI, V., SHE, R., BERRY GREGORY, J., DALY, J.,
GOOD, C., TARPATZI, A., EVERHART, K., HENRY, T., MCKINLEY, K.,
ZANNOLLI, S., PAK, P., ZHANG, F., BARR, R., HOLMBERG, K., KENSINGER,
B. & LU DAISY, Y. 2023. Multicenter Evaluation of the BIOFIRE Blood Culture
Identification 2 Panel for Detection of Bacteria, Yeasts, and Antimicrobial
Resistance Genes in Positive Blood Culture Samples. Journal of Clinical
Microbiology, 61, e01891-22.

116



RHODES, A., EVANS, L. E., ALHAZZANI, W., LEVY, M. M., ANTONELLI, M.,
FERRER, R., KUMAR, A., SEVRANSKY, J. E., SPRUNG, C. L., NUNNALLY,
M. E., ROCHWERG, B., RUBENFELD, G. D., ANGUS, D. C., ANNANE, D.,
BEALE, R. J., BELLINGHAN, G. J., BERNARD, G. R., CHICHE, J.-D.,
COOPERSMITH, C., DE BACKER, D. P, FRENCH, C. J., FUJISHIMA, S.,
GERLACH, H., HIDALGO, J. L., HOLLENBERG, S. M., JONES, A. E,
KARNAD, D. R., KLEINPELL, R. M., KOH, Y., LISBOA, T. C., MACHADO, F.
R., MARINI, J. J., MARSHALL, J. C., MAZUSKI, J. E., MCINTYRE, L. A,
MCLEAN, A. S., MEHTA, S., MORENO, R. P., MYBURGH, J., NAVALESI, P,
NISHIDA, O., OSBORN, T. M., PERNER, A., PLUNKETT, C. M., RANIERI, M.,
SCHORR, C. A., SECKEL, M. A., SEYMOUR, C. W., SHIEH, L., SHUKRI, K.
A., SIMPSON, S. Q., SINGER, M., THOMPSON, B. T., TOWNSEND, S. R.,
VAN DER POLL, T., VINCENT, J.-L., WIERSINGA, W. J., ZIMMERMAN, J. L.
& DELLINGER, R. P. 2017. Surviving Sepsis Campaign: International
Guidelines for Management of Sepsis and Septic Shock: 2016. Intensive Care
Medicine, 43, 304-377.

RICETO, E. B. D. M., MENEZES, R. D. P, PENATTI, M. P. A. & PEDROSO, R.
D. S. 2015. Enzymatic and hemolytic activity in different Candida species.
Revista Iberoamericana de Micologia, 32, 79-82.

ROBERTS, D., BROWN, J., MEDLEY, N. & DALZIEL, S. R. 2017. Antenatal
corticosteroids for accelerating fetal lung maturation for women at risk of
preterm birth. Cochrane Database of Systematic Reviews, 3, Cd004454.

RODRIGUES, L. S., SIQUEIRA, A. C., SPALANZANI, R. N., VASCONCELOQOS,
T. M., SESTREN, B., BISPO, S. P, ABREU, R. B. V., KRAFT, L., RICIERI, M.
C.,MOTTA, F. A. & DALLA-COSTA, L. M. 2022. Genotypic Diversity of Candida
parapsilosis Complex in Invasive Candidiasis at a Pediatric Tertiary Hospital: A
5-Year Retrospective Study. Journal of Fungi (Basel), 8.

ROMEDO, O., DELFINO, D., COSTANZO, B., CASCIO, A. & CRISEO, G. 2012.
Molecular characterization of Italian Candida parapsilosis isolates reveals the
cryptic presence of the newly described species Candida orthopsilosis in blood
cultures from newborns. Diagnostic Microbiology and Infectious Disease, 72,
234-8.

ROSMARIN, D. K., WARDLAW, G. M. & MIRTALLO, J. 1996. Hyperglycemia
associated with high, continuous infusion rates of total parenteral nutrition
dextrose. Nutrition in Clinical Practice, 11, 151-6.

ROY, S., VANTIPALLI, P., GARCHA, A., POKAL, M. & ADAPA, S. 2021. The
Emerging Uncommon Non-Albicans Candida: Candida parapsilosis Peritonitis
in a Peritoneal Dialysis Patient. Cureus, 13, e17083.

RUBA, N., LUC, P. R. B., NATHALIE, R., VERONIQUE, P., FRéDéRIC, C.,
ERIC, D. & CHRISTIAN, J.-A. 2019. Inhibition of CpLIP2 Lipase Hydrolytic
Activity by Four Flavonols (Galangin, Kaempferol, Quercetin, Myricetin)
Compared to Orlistat and Their Binding Mechanisms Studied by Quenching of
Fluorescence. Molecules, 24, 2888.

117



RUTALA, W. A. & WEBER, D. J. 2008. Guideline for disinfection and
sterilization in healthcare facilities. CDC, 28-53.

SABINO, R., SAMPAIO, P., ROSADO, L., VIDEIRA, Z., GRENOUILLET, F. &
PAIS, C. 2015. Analysis of clinical and environmental Candida parapsilosis
isolates by microsatellite genotyping—a tool for hospital infection surveillance.
Clinical Microbiology and Infection, 21, 954.e1-954.e8.

SAKITA, K. M., FARIA, D. R,, SILVA, E. M. D., TOBALDINI-VALéRIO, F. K.,
KIOSHIMA, E. S., SVIDZINSKI, T. I. E. & BONFIM-MENDONCcA, P. S. 2017.
Healthcare workers' hands as a vehicle for the transmission of virulent strains
of Candida spp.: A virulence factor approach. Microbial Pathogenesis, 113, 225-
232.

SANGUINETTI, M., PORTA, R., SALI, M., SORDA, M. L., PECORINI, G.,
FADDA, G. & POSTERARO, B. 2007. Evaluation of VITEK 2 and RapID Yeast
Plus Systems for Yeast Species |dentification: Experience at a Large Clinical
Microbiology Laboratory. Journal of Clinical Microbiology, 45, 1343-1346.

SATALA, D., KARKOWSKA-KULETA, J., BRAS, G., RAPALA-KOZIK, M. &
KOZIK, A. 2023. Candida parapsilosis cell wall proteins-CPAR2_404800 and
CPAR2_404780-Are adhesins that bind to human epithelial and endothelial
cells and extracellular matrix proteins. Yeast, 40, 377-3809.

SCHOCH, C. L., SEIFERT, K. A., HUHNDORF, S., ROBERT, V., SPOUGE, J.
L., LEVESQUE, C. A. & CHEN, W. 2012. Nuclear ribosomal internal transcribed
spacer (ITS) region as a universal DNA barcode marker for Fungi. Proceedings
of the National Academy of Sciences of the United States of America, 109,
6241-6.

SHETTY, S. S., HARRISON, L. H., HAJJEH, R. A., TAYLOR, T,, MIRZA, S. A,
SCHMIDT, A. B., SANZA, L. T., SHUTT, K. A. & FRIDKIN, S. K. 2005.
Determining Risk Factors for Candidemia Among Newborn Infants From
Population-Based Surveillance: Baltimore, Maryland, 1998-2000. The
Pediatric Infectious Disease Journal, 24, 601-604.

SHUPING, L., MPEMBE, R., MHLANGA, M., NAICKER, S. D., MAPHANGA, T.
G., TSOTETSI, E., WADULA, J., VELAPHI, S., NAKWA, F., CHIBABHAI, V.,
MAHABEER, P., MONCHO, M., PRENTICE, E., BAMFORD, C., REDDY, K.,
MALULEKA, C., MAWELA, D., MODISE, M., GOVENDER, N. P. & FOR, G.-S.
2021. Epidemiology of Culture-confirmed Candidemia Among Hospitalized
Children in South Africa, 2012-2017. Pediatric Infectious Disease Journal, 40,
730-737.

SILVER, C. & ROSTAS, S. 2018. Comprehensive drug utilization review in
neonates: liposomal amphotericin B. Journal of Pharmacy and Pharmacology,
70, 328-334.

SINGH, A. 2017. Fluconazole resistance in Candida parapsilosis in India and
analysis of sterol biosynthesis gene (ERG11). [s.l.]: Morressier.

118



SMITH, P., BENJAMIN, D., ALEXANDER, B., JOHNSON, M., FINKELMAN, M.
& STEINBACH, W. 2007. Quantification of 1,3- -D-Glucan Levels in Children:
Preliminary Data for Diagnostic Use of the -Glucan Assay in a Pediatric Setting.
Clinical and vaccine immunology : CVI, 14, 924-5.

SOUZA, A. C. R,, FUCHS, B. B., ALVES, V. D. S., JAYAMANI, E., COLOMBO,
A. L. & MYLONAKIS, E. 2018a. Pathogenesis of the Candida parapsilosis
Complex in the Model Host Caenorhabditis elegans. Genes, 9.

SOUZA, A. C. R,, FUCHS, B. B., ALVES, V. S., JAYAMANI, E., COLOMBO, A.
L. & MYLONAKIS, E. 2018b. Pathogenesis of the Candida parapsilosis
Complex in the Model Host Caenorhabditis elegans. Genes (Basel), 9.

STEFANEK, M., GARAIOV4, M., VALEEK, A., JORDAO, L. & BUJDaKOV4, H.
2023. Comparative Analysis of Two Candida parapsilosis Isolates Originating
from the Same Patient Harbouring the Y132F and R3981 Mutations in the
ERG11 Gene. Cells, 12, 1579.

STEFANIUK, E., BARANIAK, A., FORTUNA, M. & HRYNIEWICZ, W. 2016.
Usefulness of CHROMagar Candida Medium, Biochemical Methods--API
ID32C and VITEK 2 Compact and Two MALDI-TOF MS Systems for Candida
spp. Identification. Polish Journal of Microbiology, 65, 111-4.

TANMOY, C., ERNST, T., MARIEKE, H., RENATA, T., LaSZL¢, B., CSABA, V.,
MARTIN, G., TONI, G. & ATTILA, G. 2018. Eicosanoid biosynthesis influences
the virulence of Candida parapsilosis. Virulence,9, 1019—1035.

TAVANTI, A., DAVIDSON, A. D., GOW, N. A., MAIDEN, M. C. & ODDS, F. C.
2005. Candida orthopsilosis and Candida metapsilosis spp. nov. to replace
Candida parapsilosis groups Il and lll. Journal of Clinical Microbiology, 43, 284-
92.

TAVERNA, C. G., BOSCO-BORGEAT, M. E., MURISENGO, O. A, DAVEL, G,,
BOITé, M. C., CUPOLILLO, E. & CANTEROS, C. E. 2013. Comparative
analyses of classical phenotypic method and ribosomal RNA gene sequencing
for identification of medically relevant Candida species. Memorias Instituto
Oswaldo Cruz, 108, 178-85.

TAY,S.T.,NA, S. L. & CHONG, J. 2009. Molecular differentiation and antifungal
susceptibilities of Candida parapsilosis isolated from patients with bloodstream
infections. Journal of Medical Microbiology, 58, 185-191.

THOMAZ, D. Y., DE ALMEIDA, J. N., JR., LIMA, G. M. E., NUNES, M. O,
CAMARGO, C. H., GRENFELL, R. C., BENARD, G. & DEL NEGRO, G. M. B.
2018. An Azole-Resistant Candida parapsilosis Outbreak: Clonal Persistence
in the Intensive Care Unit of a Brazilian Teaching Hospital. Frontiers in
Microbiology, 9, 2997.

119



THOMAZ, D. Y., DEL NEGRO, G. M. B., RIBEIRO, L. B., DA SILVA, M.,
CARVALHO, G., CAMARGO, C. H., DE ALMEIDA, J. N., JR., MOTTA, A. L.,
SICILIANO, R. F., SEJAS, O. N. E., ROSSI, F., ABDALA, E., STRABELLI, T. M.
V. & BENARD, G. 2022. A Brazilian Inter-Hospital Candidemia Outbreak
Caused by Fluconazole-Resistant Candida parapsilosis in the COVID-19 Era.
Journal of Fungi (Basel), 8.

TO6TH, A.,, NéeMETH, T., CSONKA, K., HORVaTH, P., VaGVéLGYI, C., VIZLER,
C., NOSANCHUK, J. D. & GaCSER, A. 2014. Secreted Candida parapsilosis
lipase modulates the immune response of primary human macrophages.
Virulence, 5, 555-62.

To6TH, R., NOSEK, J., MORA-MONTES, H. M., GABALDON, T., BLISS, J. M.,
NOSANCHUK, J. D., TURNER, S. A., BUTLER, G., VaGVoLGYI, C. &
GaCSER, A. 2019b. Candida parapsilosis: from genes to the bedside. Clinical
Microbiology Reviews, 32, e00111-18.

TRAN, T. D. & LUALLEN, R. J. 2024. An organismal understanding of C.
elegans innate immune responses, from pathogen recognition to
multigenerational resistance. Seminars in Cell & Developmental Biology, 154,
77-84.

TROBAJO-SANMARTIN, C., EZPELETA, G., PAIS, C., ERASO, E. &
QUINDGS, G. 2018. Design and validation of a multiplex PCR protocol for
microsatellite typing of Candida parapsilosis sensu stricto isolates. BMC
Genomics, 19, 718.

TROFA, D., GaCSER, A. & NOSANCHUK, J. D. 2008. Candida parapsilosis,
an emerging fungal pathogen. Clinical Microbiology Reviews, 21, 606-25.

TROFA, D., SOGHIER, L., LONG, C., NOSANCHUK, J. D., GACSER, A. &
GOLDMAN, D. L. 2011. ARat Model of Neonatal Candidiasis Demonstrates the
Importance of Lipases as Virulence Factors for Candida albicans and Candida
parapsilosis. Mycopathologia, 172, 169-178.

TUMBARELLO, M., POSTERARO, B., TRECARICHI, E. M., FIORI, B., ROSSI,
M., PORTA, R., DE GAETANO DONATI, K., LA SORDA, M., SPANU, T,
FADDA, G., CAUDA, R. & SANGUINETTI, M. 2007. Biofilm production by
Candida species and inadequate antifungal therapy as predictors of mortality
for patients with candidemia. Journal of Clinical Microbiology, 45, 1843-50.

TUNC, G., TOKSOZ, A. & KILICBAY, F. 2023. Candidal Infections in the
Neonatal Intensive Care Unit: A Retrospective Observational Study. Sisli Etfal
Hastanesi Tip Buletin, 57, 204-209.

TURNER, O. D., HAYES, J. F.,, MCCARTY, T. P, MANNING, M., HOESLEY, C.
J. & PAPPAS, P. G. 2017. Relationship of T2 Candida Panel to Disease
Severity, Mortality and Time to Therapy in Patients with Candidemia. Open
Forum Infectious Diseases, 4, S609.

120



VAN ASBECK, E., CLEMONS, K. V., MARTINEZ, M., TONG, A. J. & STEVENS,
D. A. 2008. Significant differences in drug susceptibility among species in the
Candida parapsilosis group. Diagnostic Microbiology and Infectious Disease,
62, 106-9.

VAN SCHALKWYK, E., MPEMBE, R. S., THOMAS, J., SHUPING, L., ISMAIL,
H., LOWMAN, W., KARSTAEDT, A. S., CHIBABHAI, V., WADULA, J.,,
AVENANT, T., MESSINA, A., GOVIND, C. N., MOODLEY, K., DAWOOQOD, H.,
RAMJATHAN, P. & GOVENDER, N. P. 2019. Epidemiologic Shift in Candidemia
Driven by Candida auris, South Africa, 2016-2017(1). Emerging Infectious
Diseases, 25, 1698-1707.

VERGIDIS, P., CLANCY, C. J., SHIELDS, R. K., PARK, S. Y., WILDFEUER, B.
N., SIMMONS, R. L. & NGUYEN, M. H. 2016. Intra-Abdominal Candidiasis: The
Importance of Early Source Control and Antifungal Treatment. PLOS One, 11,
e0153247.

WALSH, T. J., KATRAGKOU, A., CHEN, T., SALVATORE, C. M. & ROILIDES,
E. 2019. Invasive Candidiasis in Infants and Children: Recent Advances in
Epidemiology, Diagnosis, and Treatment. Journal of Fungi (Basel), 5.

WANG, H., ZHANG, L., KUDINHA, T., KONG, F., MA, X. J., CHU, Y. Z., KANG,
M., SUN, Z. Y, LI, R. Y, LIAO, K,, LU, J., ZOU, G. L., XIAO, M., FAN, X. & XU,
Y. C. 2016. Investigation of an unrecognized large-scale outbreak of Candida
parapsilosis sensu stricto fungaemia in a tertiary-care hospital in China.
Scientific Reports, 6, 27099.

WANG, J., ZHANG, Z., ZHANG, M., YANG, B., WANG, T., SUN, X., CHEN, X.,
ZHANG, M. Y, GUO, Z. Y. & JIANG, X. 2019. A rare primary Candida
parapsilosis infection of the knee joint in a patient without predisposing factors:
A case report. Medicine (Baltimore), 98, e14327.

WANG, Y. S., HSU, J. F,, LEE, W. J., WANG, S. H., CHU, S. M., HUANG, H.
R., YANG, P. H., FU, R. H. & TSAI, M. H. 2023. Invasive Candida parapsilosis
Bloodstream Infections in Children: The Antifungal Susceptibility, Clinical
Characteristics and Impacts on Outcomes. Microorganisms, 11.

WARRIS, A., PANA, Z. D.,, OLETTO, A., LUNDIN, R., CASTAGNOLA, E.,
LEHRNBECHER, T., GROLL, A. H. & ROILIDES, E. 2020. Etiology and
Outcome of Candidemia in Neonates and Children in Europe: An 11-year
Multinational Retrospective Study. Pediatric Infectious Disease Journal, 39,
114-120.

WEEMS, J. J., JR., CHAMBERLAND, M. E., WARD, J., WILLY, M., PADHYE,
A.A. & SOLOMON, S. L. 1987. Candida parapsilosis fungemia associated with
parenteral nutrition and contaminated blood pressure transducers. Journal of
Clinical Microbiology, 25, 1029-32.

WEIMER, K. E. D., SMITH, P. B., PUIA-DUMITRESCU, M. & ALEEM, S. 2022.
Invasive fungal infections in neonates: a review. Pediatric Research, 91, 404-
412.

121



GENEVA: WHO 2022. WHO fungal priority pathogens list to guide research,
development and public health action.World Health Organization,5-6.

WILLIAMSON, M. I., SAMARANAYAKE, L. P. & MACFARLANE, T. W. 1986.
Phospholipase activity as a criterion for biotyping Candida albicans. Journal of
Medical and Veterinary Mycology : bi-monthly publication of the International
Society for Human and Animal Mycology, 24, 415-7.

WILSON, M. L. 2020. Critical factors in the recovery of pathogenic
microorganisms in blood. Clinical Microbiology and Infection, 26, 174-179.

YALAZ, M., AKISU, M., HILMIOGLU, S., CALKAVUR, S., CAKMAK, B. &
KULTURSAY, N. 2006. Successful caspofungin treatment of multidrug resistant
Candida parapsilosis septicaemia in an extremely low birth weight neonate.
Mycoses, 49, 242-5.

YAO, T. C., CHANG, S. M., WU, C. S, TSAI, Y. F.,, SHEEN, K. H., HONG, X,
CHEN, H. Y, WU, A. C. & TSAI, H. J. 2023. Association between antenatal
corticosteroids and risk of serious infection in children: nationwide cohort study.
British Medical Journal, 382, e075835.

YAO-SHENG, W., JEN-FU, H., WEI-JU, L., SHAO-HUNG, W., SHIH-MING, C.,
HSUAN-RONG, H., PENG-HONG, Y., REN-HUEI, F. & MING-HORNG, T. 2023.
Invasive Candida parapsilosis Bloodstream Infections in Children: The
Antifungal Susceptibility, Clinical Characteristics and Impacts on Outcomes.
Microorganisms,11,1149.

ZEESHAN, M., MEMON, S., MALICK, A., NAQVI, S. F.,, FAROOQI, J.,
GHANCHI, N. K. & JABEEN, K. 2024. Fluconazole-resistant Candida
parapsilosis complex candidemia and analysis of mutations in the ERG11 gene
from Pakistan. Mycoses, 67, e13677.

ZHANG, L., XIAO, M., WATTS, M. R., WANG, H., FAN, X., KONG, F. & XU, Y.-
C. 2015. Development of fluconazole resistance in a series of Candida
parapsilosis isolates from a persistent candidemia patient with prolonged
antifungal therapy. BMC Infectious Diseases, 15, 340.

ZHAO, Y., TSANG, C.-C., XIAO, M., CHAN, J. F. W., LAU, S. K. P., KONG, F.,
XU, Y. & WOO, P. C. Y. 2018. Yeast identification by sequencing, biochemical
kits, MALDI-TOF MS and rep-PCR DNA fingerprinting. Medical Mycology, 56,
816-827.

ZHOU, Q., KELLY, E., LUU, T. M., YE, X.Y,, TING, J., SHAH, P. S. & LEE, S.
K. 2023. Fungal infection and neurodevelopmental outcomes at 18-30 months
in preterm infants. Frontiers in Pediatrics, 11, 1145252.

ZICCARDI, M., SOUZA, L. O., GANDRA, R. M., GALDINO, A. C., BAPTISTA,
A. R., NUNES, A. P, RIBEIRO, M. A., BRANQUINHA, M. H. & SANTOS, A. L.
2015. Candida parapsilosis (sensu lato) isolated from hospitals located in the
Southeast of Brazil: Species distribution, antifungal susceptibility and virulence
attributes. International Journal of Medical Microbiology, 305, 848-59.

122



ZUO, X.-S., LIU, Y. & HU, K. 2021. Epidemiology and risk factors of candidemia
due to Candida parapsilosis in an intensive care unit. Revista do Instituto de
Medicina Tropical de Sao Paulo, 63, e20.

123



CHAPTER 3: WHOLE GENOME SEQUENCING OF STRAINS
TO DETERMINE THE RELATEDNESS AND POSSIBLE
GENETIC DETERMINANTS OF DRUG RESISTANCE

3.1 ABSTRACT

Introduction:

Fluconazole-resistant Candida parapsilosis has been dubbed a new threat
among the paediatric population. The fluconazole-resistant C. parapsilosis
strains are circulating in healthcare facilities globally. This poses a threat to
empiric treatment of Candida species infections in resource limited countries
with no availability of echinocandins or in cases where amphotericin B cannot
be used. The whole genome sequencing was conducted to study the ploidy of
the study strains, genetic relatedness as well as the common antifungal

resistance genes.

Methodology:

Eighteen stored C. parapsilosis strains from Universitas hospital neonatal
wards and two C. parapsilosis strains from paediatric wards with known
antifungal susceptibility testing results were studied. These strains were from
blood culture specimens sent for routine Microbiology laboratory investigations
from the year 2018 to 2020. The DNA of all strains was extracted, followed by
whole genome sequencing of the strains. After the genomes were assembled,
the BBTools k-mer count was used to predict ploidy of the strains and the
phylogenetic tree was created and visualized in FigTree. Blast databases were
created for each assembly to identify the resistance genes (FKS7, MRR1 and
ERG11).

Results:

Interestingly, all strains were haploid and were found to group into four related
clades, with majority of the strains in Clade 4. The FKS1, MRR1 and ERG11
genes were highly conserved between strains with none of the mutations
previously associated with resistance patterns.
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Conclusion:

The high level of relatedness of the different strains indicates that the population
of C. parapsilosis circulating within the hospital is mostly clonal and constant
over the three years. Since no mutations were found in the studied resistance
genes, it is clear that resistance to antifungal drugs observed for these strains
were as a result of other mechanisms. Continuous surveillance and intensified

infection prevention measures are required
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3.2 INTRODUCTION

Candida parapsilosis sensu lato is a complex of three cryptic species namely
the C. parapsilosis sensu stricto, C. orthopsilosis and C. metapsilosis as
discovered by molecular analysis because of their genotypic differences
(Tavanti et al., 2005). The cryptic species belong to the clade that translate CTG
as serine instead of leucine (Fitzpatrick et al., 2006, Mancera et al., 2019,
Bergin et al., 2024).

Candida parapsilosis is an opportunistic pathogen that causes outbreaks in
hospitals, especially among the critically ill neonates. The neonates have
immature immune systems and have medical devices that promote biofilm
formation. Furthermore, some have health conditions that predispose them to
fungal infections such as gastrointestinal diseases and thus have to undergo
surgery. The World Health Organisation (WHO) placed Candida parapsilosis
under the high risk fungal priority list (WHO, 2022).

Clades of C. parapsilosis are analysed in outbreaks using molecular methods
to support or dispute the relatedness of strains. Magobo and colleagues used
polymorphic microsatellite marker analysis to identify the closely related
genotypes in public hospitals (Magobo et al., 2017). In addition, whole genome
sequencing (WGS), a highly discriminatory tool, can be used to analyse
phylogeny as well as genetic mechanisms underlying resistance. Eight
chromosomal pairs and about 13.1 megabyte (Mb) genome make up the diploid
C. parapsilosis (Branco et al., 2023). The level of polymorphism is exceptionally
low, with only one single nucleotide polymorphism (SNP) per 15,553 bases
(Butler et al., 2009), raising the possibility of colonization by a single genotype
in hospitals (West et al., 2021)

Although antifungal resistance was rare in C. parapsilosis until recently
(Daneshnia et al., 2023a), multidrug resistant (MDR) strains, especially those
resistant to azoles and echinocandins, have become a global healthcare
problem, affecting both poorly resourced and well-resourced countries
(Govender et al., 2016, Moudgal et al., 2005, Pristov and Ghannoum, 2019).
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Different mechanisms of resistance to azoles exist for Candida species. These
include the upregulation of CDOR1/CDR3 and MDR1 (or the transcription factor,
MRR1) encoding for efflux pumps, mutations or upregulation of the genes in
the sterol synthesis pathway (ERG11 and ERG3) as well the development of
bypass pathways due to mutations (Pristov and Ghannoum, 2019, Rodrigues
et al., 2022).

The most common gene responsible in clinical settings is the replacement of
amino acid Y132F in the azole target gene, ERG11, encoding lanosterol14-
alpha-demethylase (Brassington et al., 2024). Mutations in ERG3 were also
reported by Rybak and colleagues as the reason for azole resistance (Rybak
et al., 2017) while Branco and colleagues identified mutations in the MRR1
transcription factor, responsible for resistance to both fluconazole and
voriconazole (Branco et al., 2022).

The Infectious Diseases Society of America (IDSA) guidelines recommend
echinocandins as first line antifungals for treatment of yeast (Pappas et al.,
2016). Among Candida species, C. parapsilosis have been reported to have
higher minimum inhibitory concentrations (MICs) to echinocandins (Papp et al.,
2018). Globally, echinocandin resistant C. parapsilosis has been noted in
countries including China, (Ning et al., 2023b) and Iran (Davari et al., 2020).
Naturally occurring variations in the FKS7 gene are responsible for the

decreased susceptibility to echinocandins.

Amphotericin B is another drug commonly used for invasive fungal infections.
Resistance against this antifungal is very rare at about 1.3% (Branco et al.,
2023). In addition to other mechanisms such as stress response, resistance
may be as a result of upregulation in ERG genes (ERG5, ERG6, ERG25),
leading to the modification in sterol synthesis, or mutations in ERG genes
(ERG2, ERG3, ERG6), leading to the reduction of ergosterol (Sanglard et al.,
2003, Ellis, 2002).

In order to gain a better understanding of the strain diversity as well as possible
mechanisms of azole resistance in the studied strains, the genomes of the
strains were investigated in this chapter.
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3.3 MATERIALS AND METHODS
3.3.1 Study setting, design and population

The study setting, design and population are the same as described in Chapter
2.

3.3.2 Sample size and storage

As indicated in Chapter 2, 20 C. parapsilosis strains were used in this study.
Three strains were from 2018, ten strains from 2019 and the remaining seven
strains from 2020. The strains used for the study were stored at -80°C.

3.3.3 Ethical clearance

Ethical approval to perform the study was granted by the University of the Free
State’s Health Sciences Research Ethics Committee (Ethics Number: UFS-
HSD2020/1856/2601). Permission to use the strains was granted by the NHLS
Universitas Laboratory Business unit, Head of pathology as well as the head of
Microbiology department and department of Biotechnology, Microbiology &
Biochemistry. The Free State (FS) Department of Health (DoH) granted
permission for access to clinical data. The Biosafety ethics committee granted
approval to the study and there was already an authorization to keep, use or
handle cultures or preparations of microorganisms (Ref J1/2/4/2 01/19). No

patients’ names were recorded. Only study numbers were used.

3.3.4 Deoxyribonucleic acid extraction

The total genomic deoxyribonucleic acid (DNA) of the 20 strains was extracted
using the Quick-DNA™ Fecal/Soil microbe Miniprep Kit (Zymo research
Corporation) according to the manufacturer’s instructions. The beta-
mercaptoethanol was added to the genomic lysis buffer to a final dilution of
0.5% (500 pL per 100 mL). About 50 to 100 mg of fungal cells that had been
resuspended in up to 200 pL of phosphate buffer solution was added to the ZR
BashingBead Lysis Tube. The tubes were secured in a bead beater (Scientific
Industries Inc) fitted with a 2 mL tube holder assembly and processed using
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optimized beat beater conditions (5 minutes). The ZR BashingBead Lysis Tube
was centrifuged at 10 000 x g for 1 minute.

The supernatant (400 pL) was transferred to a Zymo-Spin IlI-F Filter in a
collection tube and centrifuged at 8000 x g for 1 minute. To the filtrate, 1200 pL
of the Genomic Lysis Buffer was added in the collection tube and mixed well.
About 800 pL of the mixture was added to a Zymo-Spin IICR Column in a
collection tube and centrifuged at 10 000 x g for 1 minute. The flow from the
collection tube was discarded and the 800 uL of the mixture was transferred
again to a Zymo-Spin IICR Column in a collection tube and centrifuged at 10
000 x g for 1 minute. DNA PRE-Wash Buffer was added to the Zymo-Spin [ICR
Column in a new collection tube and centrifuged at 10 000 x g for 1 minute.
Then 500 pyL g-DNA Wash Buffer was added to the Zymo-Spin IICR Column
and centrifuged at 10 000 x g for 1 minute. The Zymo-Spin [ICR Column was
transferred to a clean 2 mL microcentrifuge tube and 100 pL of the DNA Elution
Buffer was added directly to the column matrix. The solution was centrifuged at
10 000 x g for 30 seconds to elute the DNA.

The Zymo-Spin HRC Filter was placed in a clean collection tube, 600 uL prep
solution added and thereafter centrifuged at 8 000 x g for 3 minutes. The eluted
DNA was transferred to a prepared Zymo-Spin HRC Filter in a clean 2 mL
microcentrifuge tube and centrifuged at 16 000 x g for 3 minutes. The filtered
DNA concentration was then quantified using the nanodrop spectrophotometer
(Labtron Equipment Ltd, UK).

129



3.3.5 Whole genome sequencing

The extracted DNA for all 20 strains was submitted for whole genome
sequencing at the National Institute of Communicable Diseases (NICD)
sequencing unit. Initial measurement of DNA concentration was done using a
Qubit 4 fluorometer (Thermo Fisher Scientific) with the HS kit (Thermo Fisher
Scientific). Input samples were then diluted to the required concentration and
library preparation performed on a Hamilton NGS Star Plus (Hamilton

Company). The lllumina DNA Prep kit (https://emea.illumina.com/products/by-

type/sequencing-kits/library-prep-kits/illumina-dna-prep.html) was used to

prepare normalised, sequencing-ready libraries as per the manufacturer’s
guidelines. Strains were sequenced on an lllumina NextSeq 2000 [lllumina

(Pty) Ltd)] on a P2 flow cell. Each strain was sequenced to = 200X coverage.
3.3.6 Whole genome sequencing data analyses

Quality assessment and genome assembly

Sequence quality  was inspected using FastQC (v0.11.9)

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and combined

results were obtained using multiQC (v1.6) (https://multigc.info/). Trim Galore

(https://github.com/FelixKrueger/TrimGalore) was used for quality and adapter

sequence trimming with quality filtering set for 20 and a minimum read length
of 50bp. In order to confirm species identification and to identify the presence
of potential contaminants thus reducing the false positives (Breitwieser et al.,
2018), KrakenUniq (v1.04) was applied to sequence reads for all samples using
default settings against the KrakenUniq MicrobialDB database and all strains
were identified as C. parapsilosis.

Genome assembly was performed using Spades (v3.14.1) (Prjibelski et al.,
2020) in careful mode. Assembly statistics were generated using Quast (v5.0.2)
(Gurevich et al., 2013). In addition, assembly quality was inspected using
BUSCO (v5.2.2) (Manni et al., 2021) where C. albicans was used as a model
for augustus (v3.4.0) (Stanke et al., 2008) and the fungalodb10 database.
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Comparative genomics and phylogenetics

In order to assess the ploidy of C. parapsilosis strains, timmed sequence reads
were mapped to the masked reference sequence for C. parapsilosis
(GCF_000182765.1_ASM18276v2_genomic.fna) using bwa-mem (v07.17) (Li,
2013). Samtools (v1.11) (Li et al., 2009) was used to convert the sam alignment
file into a bam file and, thereafter, to sort the bam file by coordinates. The sorted
alignment file was inspected for ploidy using ploidyNGS (Augusto Corréa dos
Santos et al., 2017) . This produced a text file that predicted the ploidy while
also producing a histogram of heteromorphic variants. The results provided by
the  histogram were confirmed using BBTools kmer  count
(https://github.com/BiolnfoTools/BBMap).

All C. parapsilosis genomes available on Genbank/RefSeq were downloaded
from the National Centre for Biotechnology Information (NCBI — 7 August 2023).
Furthermore, reference genomes for C. albicans
(GCA_000182965.3_ASM18296v3) and C. orthopsilosis
(GCA_000315875.1_ASM31587v1) were included in the first phylogeny.

The Benchmarking Universal Single-Copy Orthologs (BUSCO) was ran on all
the RefSeq/Genbank genomes as per genomes generated in the current study.
Thereafter, BUSCO_phylogenomics was used to generate a protein alignment
of all core genes (https://github.com/jamiemca/BUSCO_ phylogenomics). A

total of 512 single-copy and complete genes present in all strains were used for
a MUSCLE (v5.1) (Edgar, 2004) alignment that spanned 317 848 amino-acids
in length. The supermatrix alignment was inspected with modeltest-NG (v0.2.0)
(Darriba et al., 2020) to identify the best model for constructing a maximum-
likelihood tree. The Akaike information criterion (AlC), corrected AIC (AlCc) and
Bayesian information criteria (BIC) were in agreement that the model JTT-
DCMUT+G4+F was the best model for the supermatrix maximum-likelihood
tree. This model was used to reconstruct a phylogenetic tree using raxmi-ng
(v1.0.1) (Stamatakis, 2014). Bootstrap support was added to the best RAXML
tree with 200 iterations performed. The tree was visualized in FigTree

(https://github.com/rambaut/figtree/releases).
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A second phylogeny was constructed using the same procedure except that C.
albicans and C. orthopsilosis were removed from analysis thereby comparing
only C. parapsilosis strains. Based on results from modeltest-NG for the second

phylogeny the PMB+I+G4+FC samples model was used.

The SKA kmer-based algorithm (Harris, 2018), which is designed for haploid
organisms, was applied to the genome assemblies. For SKA the reference C.
parapsilosis was used for reference-based SNP-calling and as an outgroup.
The SKA produced both a phylogenetic tree, a variant calling file per sample
(VCF) as well as a table of all-vs-all SNP comparisons. Distances between
strains were defined using various metrics such as the Jaccard Index, Mash-
like distance, total number of SNPs and the SNP distance. Distance results can
be used to define clades of related specimens through all the listed distance
metrics. Furthermore, by comparing SNP counts between samples against a
phylogenetic tree a defined number of SNPs between samples can be
established and used as a cut-off for defining epidemiological clades.

In order to facilitate subsequent gene searches and for further comparative
genomics applications all new assemblies were annotated. Annotations were
not performed de novo but instead reference annotations were transferred from
the reference genome annotations to each new assembly using liftoff (v1.6.3)
(Shumate and Salzberg, 2021) with polishing. Gffread (v0.12.8) (Pertea and
Pertea, 2020) was then used to extract all transcripts and proteins. The
genomes were deposited in the National Center for Biotechnology Information
database.

Identification and comparison of selected resistance-associated genes

Blast databases were created for each assembly and the FKS1 reference
protein sequence (XP_036663785.1) was aligned to each assembly using
NCBI BLAST tblastn (v2.10.1) (Altschul et al., 1990). Alignments for each
assembly were inspected to ensure the correct sequence was identified.
Thereafter, a bed file was created for each assembly that identified the location
of BLAST alignments. The bed file was used to extract the nucleotide sequence
using bedtools (v2.29.2) (Quinlan and Hall, 2010) from each respective

assembly and where the alignment was identified on the reverse strand the
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sequence was reverse-complemented and thereafter, all sequences were
translated in 3 forward frames and the correct frame selected for each
assembly. A sequence alignment that included the reference sequence was
created using MAFFT (v7.487) (Katoh and Standley, 2013) with the default auto
setting and the alignment was inspected for mutations relative to the reference
amino-acid sequence. The same process was followed for the genes, MRR1
and ERG11.

3.4 RESULTS
3.4.1 Deoxyribonucleic acid extraction

Sufficient-quality DNA was obtained for all 20 study strains.

3.4.2 Ploidy of Candida parapsilosis strains

As per the histograms produced by ploidyNGS, all samples were identified as
haploid using BBtools k-mer count.

3.4.3 Phylogeny of Candida parapsilosis strains

The genetic relatedness of strains was assessed by the phylogenetic tree as
shown in the Figure 1. Four clades, separate from the reference strain
(GCA000182765.2 ASM18276V2) were identified. The boostrap values of all
the four clades were significant. All study strains had >2200 SNPs when
compared to the reference, while the SNPs differences between all test strains
ranged between 209 and 2858. The largest clade (Clade 4) contained 16
strains, isolated during all three years of the study. In comparison to the other
three clades, this clade housed majority (15/16; 94%) of the fluconazole-
resistant strains. In addition, Clade 4 had 12 voriconazole intermediate strains
as well and one voriconazole-resistant strain. Clades two and three consisted
of only fluconazole-susceptible strains while one of the Clade 1 strains was
fluconazole-resistant. Both paediatric patients’ strains were in Clade 4, showing
close relatedness to some of the neonatal wards’ strains in Clade 4 and
suggesting the presence of a strain that has established itself in both the
neonatal and paediatrics wards. By comparison the number of SNPs between
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Clade 4 strains to strain 20 (Clade 3) ranged from 804-871 and >2452 between
Clade 1 strains indicating that they were not closely related.
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Figure:1 Phylogenetic tree of the study strains showing the four clades. Bootstraps are included
on the tree. Areference strain is included among the strains. All the fluconazole-resistant strains
are indicated with an R while fluconazole-susceptible strains are indicated with S. The year of
strain isolation is indicated in brackets.

The Biosample accession numbers of the strains are listed in Table 1. They
were uploaded to the NCBI sequence and are available under BioProject ID
PRJUNA1137595 using the link:

https://urldefense.com/v3/ _http://www.ncbi.nlm.nih.gov/bioproject/1137595
JILRJiIIM!IDQVwrmVdqugl ofSOXGGszgng25nyQAR35H-DygHEQF-
TcQ5nrT98cwbE9G3jeB86ICLI4KNPITI2VkRuapBDhyQ$

There are now 44 strains available on the NCBI
(https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=5480) as shown on
Table 3, but at the time of collection of study strains, there were 32 genomes
available. The phylogenetic tree did not indicate exactly which of the previous
genomes the study strains clustered with.
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Table 1: The Biosample accession numbers of the study strains.

Accession Sample SPUID Organism | Tax | Strain
Name ID

SAMN42623213 | C_para_1 C_para_1 Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623214 | C_para_3 C_para_3 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623215 | C_para 4 C _para 4 Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623216 | C_para 5 C_para_5 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623217 | C_para_6 C_para_6 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623218 | C_para 7 C _para 7 Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623219 | C_para 9 C _para_9 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623220 | C_para_10 | C_para_10 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623221 | C_para_12 | C_para_12 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623222 | C _para_13 | C_para_13 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623223 | C _para_15 | C_para_15 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623224 | C para_16 | C_para_16 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623225 | C _para_18 | C_para_18 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623226 | C _para_19 | C_para_19 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623227 | C _para_20 | C_para_20 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623228 | C _para 22 | C _para_22 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623229 | C para_23 | C_para_23 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto

SAMN42623230 | C _para_24 | C_para_24 | Candida 5480 | Candida
parapsilosis parapsilosis sensu

stricto
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SAMN42623231 | C_para_25 | C_para_25 | Candida 5480 | Candida
parapsilosis parapsilosis sensu
stricto
SAMN42623232 | C _para 26 | C _para_26 | Candida 5480 | Candida
parapsilosis parapsilosis sensu
stricto

Table 2: Genomes from other strains in South Africa.

Assembly GenBank Scientific Release | WGS
name accession

ASM18276v2 GCA_000182765.2 | C. Oct
parapsilosis | 2011

ASM3628897v1 GCA_036288975.1 | C. Jan,
parapsilosis | 2024

canParSR23v1 GCA 963989715.1 | C. Mar,
parapsilosis | 2024

ASM1534487v1 GCA 015344875.1 | C. Nov, JADLIHO1
parapsilosis | 2020

ASM3056877v1 GCA_030568775.1 | C. Jul, JAJMGOO01
parapsilosis | 2023

ASM1404949v1 GCA 014049495.1 | C. Aug, JABWACO1
parapsilosis | 2020

ASM1404944v1 GCA 014049445.1 | C. Aug, JABWABO1
parapsilosis | 2020

ASM1404958v1 GCA 014049585.1 | C. Aug, JABVZZ01
parapsilosis | 2020

canParB GCA_903989565.1 | C. Oct, CAJEJEO1
parapsilosis | 2021

CUCEI_Cparap_1.0 GCA_037952885.1 | C. Apr, JBAJNEO1
parapsilosis | 2024

CPARA-Y9 GCA 947184175.1 | C. Nov, CAMXCUO01
parapsilosis | 2022

ASM1404945v1 GCA 014049455.1 | C. Aug, JABWAAO1
parapsilosis | 2020

ASM3271479v1 GCA 032714795.1 | C. Oct, JAUTWIO1
parapsilosis | 2023

90-137_Cse4-HA 2.0 GCA_011316035.2 | C. May, VUYRO02
parapsilosis | 2020

CBS6318.1 GCA_000982555.2 | C. Mar, CBzQ02
parapsilosis | 2014

CBS1954.1 GCA_900004165.1 | C. Oct, CBzP02
parapsilosis | 2014

GA1.1 GCA_000982675.1 | C. Oct, CBzX02
parapsilosis | 2014

ASM2576798v1 GCA 025767985.1 | C. Oct, JAMFPAO1
parapsilosis | 2022

ASM2576788v1 GCA 025767885.1 | C. Oct, JAMFPDO01
parapsilosis | 2022

ASM2576799v1 GCA_025767995.1 | C. Oct, JAMFOZ01
parapsilosis | 2022

ASM2576790v1 GCA 025767905.1 | C. Oct, JAMFPBO1
parapsilosis | 2022

ASM2576771v1 GCA 025767715.1 | C. Oct, JAMFPHO01
parapsilosis | 2022

ASM2576777v1 GCA 025767775.1 | C. Oct, JAMFPGO1
parapsilosis | 2022

ASM2576804v1 GCA_025768045.1 | C. Oct, JAMFOXO01
parapsilosis | 2022
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ASM3704109v1 GCA_037041095.1 | C. Mar, JAXQHXO01
parapsilosis | 2024
ASM3704112v1 GCA 037041125.1 | C. Mar, JAXQIAO1
parapsilosis | 2024
FS367 GCA 008764215.1 | C. Oct, VTQUO1
parapsilosis | 2019
ASM2576791v1 GCA 025767915.1 | C. Oct, JAMFPEO1
parapsilosis | 2022
ASM1673578v1 GCA_016735785.1 | C. Jan, JADCQTO1
parapsilosis | 2021
ASM2576782v1 GCA 025767825.1 | C. Oct, JAMFPFO1
parapsilosis | 2022
ASM2576800v1 GCA_025768005.1 | C. Oct, JAMFQOYO01
parapsilosis | 2022
ASM2576789v1 GCA 025767895.1 | C. Oct, JAMFPCO01
parapsilosis | 2022
ASM3704071v1 GCA 037040715.1 | C. Mar, JAXQHEO1
parapsilosis | 2024
ASM1673582v1 GCA_016735825.1 | C. Jan, JADCQSO01
parapsilosis | 2021
ASM3235709v1 GCA_032357095.1 | C. Oct, JASKDPO1
parapsilosis | 2023
ASM4143060v1 GCA 041430605.1 | C. Aug, JBFMMEO1
parapsilosis | 2024
CPARA-4418 GCA 964199955.1 | C. Jul, CAXMZSO01
parapsilosis | 2024
ASM2553188v1 GCA_025531885.1 | C. Oct, JAMFRLO1
parapsilosis | 2022
ASM2929064v1 GCA 029290645.1 | C. Mar, DAGWRKO1
parapsilosis | 2023
ASM2002712v1 GCA 020027125.1 | C. Sep, JAHPZS01
parapsilosis | 2021
SRR1779153 bin.70 CONCOCT _v1.1_MAG | GCA 937873065.1 | C. Jan, CALMVX01
parapsilosis | 2023
ASM402644v1 GCA 004026445.1 | C. Jan, SCGVO01
parapsilosis | 2019
ASM402628v1 GCA_004026285.1 | C. Jan, SCGQO01
parapsilosis | 2019
ASM2002707v1 GCA 020027075.1 | C. Sep, JAHPZQO1
parapsilosis | 2021

Blank spaces indicate non availability of the WGS accession.

3.4.4 Resistance genes detected

The strains were evaluated for resistance genes against azoles, amphotericin
B and echinocandins. The ERG11 gene responsible for resistance to azoles
and amphotericin B was highly conserved in all study strains. The most
common mutation, which may be due to the silent mutations (T591C), or the
missense mutations (A396T), leading to the replacement of amino acid Y132F,
was not detected. Mutations in the MRR1 transcription factor were also not

detected as well as the mutations in the multidrug resistance 1 gene (MDR1).
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The ERG3 gene mutations which have been reported in the literature were not
studied.

Similarly, the FKS7 gene responsible for resistance in echinocandins was
identified in the newly sequenced C. parapsilosis assemblies. All strains carried
mutations at known locations that confer fungal echinocandin resistance in
various fungal species i.e. C. parapsilosis P660A in the hotspot 1 of the FKS1
gene. Amino-acid sequences did not vary between strains for the Fks1 protein
and no differences were identified between the study strains and the reference
strain. Mutations in the hotspot 2 or outside the hotspot such as the V595,
F1386S conferring resistance to the echinocandins, were not studied. There
were few differences identified between study strains and the genes from the

reference strain and none of the mutations correlated with resistance patterns.

3.5 DISCUSSION

Ploidy refers to the number of chromosomal sets in an organism (Todd Robert
etal., 2017). An organism's ploidy level is crucial for understanding its evolution,
populations, and genomes (Augusto Corréa dos Santos et al., 2017). Errors in
the replication can affect an organism's ploidy status, resulting in the loss or an
increase in fitness (Todd Robert et al., 2017). Aneuploidy, the imbalance in the
genome, is used as a response mechanism to stress by Candida species (Yang
et al., 2021).

Fungal genomes are known to vary in terms of ploidy, and this may play a role
in their pathogenicity. Although C. parapsilosis is typically diploid, the predicted
ploidy values produced unexpected results for our strains with values e.g.
ploidy >=6. This rate of heterozygosity is sufficiently low that k-mer based
analysis called all de novo genomes in our study as haploid. A low level of
heterozygosity has previously been reported for C. parapsilosis (Pryszcz et al.,
2013). Similar to our study, Tavanti and colleagues’ study supported the haploid
status with low variation in the genome of C. parapsilosis (Tavanti et al., 2010).

Different ploidy states for C. parapsilosis strains have also been discussed in

literature with some articles referring to C. parapsilosis as diploid, haploid or
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aneuploid (Fundyga et al., 2004). These variations are among individual strains
of the same species and are also influenced by the environmental conditions
(Todd Robert et al., 2017). Whelan and Kwon-Chung suggested that C.
parapsilosis is either a diploid or aneuploid since it is disomic for at least one
chromosome (Whelan and Kwon-Chung, 1988). The aneuploidy was also
supported by Fundyga and colleagues who found that the natural isolates of C.
parapsilosis may be aneuploid (Fundyga et al., 2004).

Outbreaks due to fluconazole-resistant strains have been detected in
Bloemfontein, though without the detection of the most common mutation,
Y132F (Bergin et al., 2024). Four different clades were circulating at the time of
this study as shown in figure 1. Single nucleotide polymorphisms refer to a
genomic variant at a single base position in the DNA and are used to determine
the relatedness of strains. Most of the strains were housed in clade four which
had SNPs ranging from 209 to 313 indicating a single source outbreak. This
clade shows closely related strains from 2018 to 2020 supporting the
persistence of the source in the unit. Clade 1 was responsible for cases in 2019
and 2020.

The closely related strains in clade 4 might have persisted throughout the three
years with the introduction of some other strains in 2019 and 2020 that are not
closely related to clade 4. Clade 4 was associated with resistant strains. This is
similar to Magobo and colleagues’ study where certain clades were also
associated with resistant strains (Magobo et al., 2017). Similar to the study by
Misas and colleagues, most resistant strains were grouped in one clade
suggesting the existence of a single resistant strain population that most likely
spread by transmission (Misas et al., 2024).

Currently, guidelines like IDSA recommend echinocandins as first line
antifungals for Candida infections followed by amphotericin B (Pappas et al.,
2016). While our study strains were susceptible to echinocandins, the
resistance to echinocandins have been reported from other parts of the world
such as China (Ning et al., 2023a). The echinocandins MICs tend to be higher
in C. parapsilosis since the organisms has a naturally occurring polymorphisms
in the FKS1 gene (Marti-Carrizosa et al., 2015). Mutations in the gene FKS1

139



have previously been associated with echinocandin resistance in C.
parapsilosis (Khalifa et al., 2024). In our study, all strains carried mutations in
the FSK1, despite the strains being susceptible to the echinocandins. In a South
African study by Magobo and colleagues, there was no detection of any
mutations in the FKS genes of the C. auris strains that were resistant to
echinocandins suggesting involvement of other mechanisms (Rindidzani et al.,
2020). Mutations outside the two hotspot regions of the FKS7 gene have been
identified in literature with some conferring resistance to echinocandins (V595I,
F1386S) and some not (S745L, M13281, A1422G) as mentioned in a study by
Carrizosa and colleagues (Marti-Carrizosa et al., 2015). Our study strains were
also susceptible to amphotericin B supporting the rare occurrence of resistance

to this antifungal in C. parapsilosis isolates.

The reporting of fluconazole resistance among the C. parapsilosis strains
continues worldwide (Thomaz et al., 2022, Govender et al., 2016, Zeeshan et
al., 2024). The resistance has been largely associated with the Y132F mutation
in the ERG11 gene (Escribano and Guinea, 2022). Others mutations include
K143R, M178T, N283Y and T591C mutations (Ceballos-Garzon et al., 2022).
What is also clear in the literature is that not all fluconazole-resistant isolates
harbour the Y132F mutation. In a study by Asadzadeh and colleagues, only five
of the eleven fluconazole-resistant isolates harboured this mutation
(Asadzadeh et al., 2017). The ERG11 mutation was also reported by Corzo-
Leon and colleagues in 12 of their 15 clinical isolates in Mexico (Corzo-Leon et
al., 2020) and a study by Zeeshan and colleagues also detected the mutation
in six out of seven fluconazole-resistant C. parapsilosis isolates (Zeeshan et
al., 2024), while Ceballos-Garzon and colleagues only detected the mutation in
58% of the resistant isolates (Ceballos-Garzon et al., 2022). In our study,
ERG11, MDR and MRR1 genes were highly conserved between strains with no

mutations correlating with resistance patterns.

The absence of mutations correlating with resistance to fluconazole and
voriconazole in our study strains also suggest that other mechanisms of
resistance were responsible for the resistance to fluconazole and voriconazole

observed in our study strains. These data suggest that factors such as gene
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regulation rather than specific mutations may account for differences in drug-
resistance. Furthermore, the results suggest that the common mutations
mentioned in literature might not be prevalent at the study setting.

3.6 CONCLUSION

Whole genome sequencing remains a widely used tool to identify possible
outbreaks. The findings support a need for continuous surveillance of
resistance among C. parapsilosis strains. Infection prevention measures need
to be intensified to break the chain of transmission from medical devices, the
environment and possibly personnel. Further studies are required to identify the
resistance mutations or novel mutations prevalent at the study site, including

those outside the common regions.

The study limitations included the small sample size as well as the inability to
study other resistance genes and the expression of resistance genes in the
strains. In addition, strains from adult units were not included in the study.
Environmental or healthcare workers’ samples were not obtained to establish a

correlation with the strains from the patients.

3.7 RECOMMENDATIONS AND FUTURE RESEARCH
DIRECTIONS

The study highlighted the risk factors, virulence factors produced by the strains,
and the clinical outcome of the patients. The resistance pattern and the
ineffectiveness of the disinfectants are also highlighted. Strict infection
prevention and control measures need to be reinforced, a change of
disinfectant is recommended as well as a continuous monitoring of antifungal
susceptibility patterns. Future studies are therefore required to identify the
resistance mutations or novel mutations prevalent at the study site, including

those outside the common regions.
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41 GENERAL DISCUSSION AND CONCLUSION

Morbidity and mortality due to Candida parapsilosis among neonates is on the
rise globally (Hassan et al., 2019, Cetin Fatma et al., 2024). The prevalence of
C. parapsilosis and the rise of azole-resistant strains complicate the situation
further. In South Africa, several studies show the increasing prevalence of C.
parapsilosis over C. albicans (Malunga et al., 2020, Pillay et al., 2021, Ramdin
et al., 2023). In the latest study by Ramdin and colleagues, the incidence of
candidemia ranged between 1.2 -5.1 per admissions over a period of seven
years (2013-2019) (Ramdin et al., 2023). Understanding the circulating strains,
their virulence, relatedness, resistance determinants, as well as the risk factors
prevalent in the population under study, is essential to combating the strain's

rising prevalence.

4.1.1 Risk factors among the studied population

All patients had varying risk factors mentioned in the literature. A total of 82%
of the patients were born preterm, similar to Miranda and colleagues’ study from
Brazil (Miranda et al., 2012). In addition, 42% were very low birth weight, 29%
low birth weight and 18% extremely low birth weight. The above-mentioned risk
factors often lead to the use of invasive devices, and administration of systemic
antibiotics, resulting in prolonged stay to increase the survival rate.
Gastrointestinal diseases were by far the most common (71%) followed by
respiratory disease (569%). Gastrointestinal surgery was performed on 41% of
the patients, further increasing the risk which is estimated to be 51% according
to the study performed by Kilc and colleagues from Turkey (Kilic et al., 2020).

Different invasive medical devices, such as lines and endotracheal tubes, were
recorded for all patients with total parenteral nutrition (TPN) recorded for 76%
thus possibly promoting the adherence and biofilm formation by the pathogen.
Invasive devices are the source of infection with persistent seeding of the
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organism (Manzoni et al., 2006). Education, monitoring and documentation of
device management to reduce continuous seeding should be strengthened.

Immunocompromised conditions such as malignancy have been recorded as
risk factors and from this study one paediatric patient had acute myeloid
leukemia. In addition to the above mentioned risk factors, multiple systemic
antibiotics including meropenem, piperacillin-tazobactam, vancomycin,
linezolid and colistin were administered to patients, which could also promote

fungal infections (Kim et al., 2023).

Besides the presence of risk factors, and although not investigated in our study,
possible environmental sources need to be taken care of and studies looking
at these sources will benefit the study site. Sinks were implicated as the source
of C. parapsilosis in a study by Baba and colleagues from Japan (Baba et al.,
2024). These may often be overlooked when sources of infection are searched
for in an outbreak setting. Proper disinfection of such areas including milk
preparation areas as well as communal areas for healthcare workers are
important in reducing the environmental colonization. These measures should
be coupled with the most basic and often neglected hand hygiene and hand
hygiene education. Periodic audits with feedback ought to be done in intensive
care units to reduce the risk of nosocomial infections in the already

compromised patients.

4.1.2 Strains virulence factors

Candida parapsilosis sensu stricto was responsible for candidemia at the study
site with more than half of the strains being azole-resistant. Literature suggest
that both the prophylactic use of fluconazole as well as the patient to patient
transmission are the possible drivers of fluconazole-resistant strains (Escribano
and Guinea, 2022). However, only three patients in this study received
fluconazole empirically, indicating that patient-to-patient transmission may have
been responsible in this instance rather than the empiric use. In addition, Zhang
and colleagues suggested poor source control with subsequent prolonged
suboptimal antifungal use as one of the factors driving fluconazole resistance
(Zhang et al., 2015). Amphotericin B and echinocandins should be used as first
line antifungal agents as recommended by the guidelines (Pappas et al., 2016).
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Further studies are needed to evaluate the factors that promote the ease of

transmission of the azole-resistant strains in neonatal intensive care units.

The heterogenous production of hydrolytic enzymes by the C. parapsilosis
strains was evident in our study, since strains varied from low, medium and high
production of hydrolytic enzymes and in addition failure to produce lipases. The
nonproduction of lipases could be explained by our small study size or
differences in experimental conditions (Abi-chacra et al., 2013, Ziccardi et al.,
2015). With all study strains being biofilm producers, their ability to attach to the
devices increase the virulence and persistence of the infection since devices
act as the source of infection (Tumbarello et al., 2007). In addition, increased
mortality is associated with biofilm producing C. parapsilosis (Rajendran et al.,
2016).

Prostaglandin E> produced by the study strains could have promoted the
immune system evasion of C. parapsilosis by protecting the organism from
phagocytic killing, adding to the virulence of the strains (Mendoza et al., 2021).
In line with previous findings (Souza et al., 2018a), strains of C. parapsilosis
sensu stricto studied resulted in higher C. elegans mortality when modelling the
in vivo host-fungus interaction. Source control such as management of invasive
devices should be emphasised because of the nature of this organism’s ability
to form biofilms and also to combat the spread of this virulent strains among

vulnerable populations.

Our disinfectant results are in line with the results reported by Abdolrasouli and
colleagues (2017), who found that the C. parapsilosis in their study had
consistently higher minimum inhibitory concentrations. Similar results were also
seen when sodium hypochlorite solution was tested against pre-formed (24
hour) C. parapsilosis biofiims (Pires et al., 2013). The current practise in the
hospital is deemed ineffective to clean and disinfect surfaces where C.
parapsilosis may occur and a review of the practice as well a different

disinfectant may be required.
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4.1.3 Whole genome sequencing

Four clades were detected with 98% of the resistant strains in the fourth clade.
The paediatric and neonatal strains were closely related in the fourth clade,
suggesting a common source in wards that are not situated close to each other.
The ERG11, MRR1 and the FKS1 genes were highly conserved among the
strains studied. In addition, the strains had the most common substitution the
hotspot 1 of the FKS7 gene (Garcia-Effron et al., 2008), although they were not
resistant to echinocandins. None of the other studied mutations correlated with
the resistance pattern. Thus, further studies are required to explore the other
resistance genes and the regions outside the hostpot areas.
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