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ABSTRACT 

Candidiasis is an opportunistic infection that impacts public health. In recent years, 

emerging Candida species have contributed to the increase in the disease burden 

exacerbated by antifungal resistance. This study aimed to evaluate the antifungal 

susceptibility profile of Candida clinical isolates, investigate resistance mechanisms, 

evaluate the efflux pump activity, and assess biocide tolerance. 100 Candida isolates 

from hospitalized and outpatient individuals were analyzed. Antifungal susceptibility 

and biocide tolerance (sodium hypochlorite, hydrogen peroxide, and benzalkonium 

chloride) were assessed using a disk diffusion test, and the molecular resistance 

mechanisms were explored through polymerase chain reaction (PCR). Efflux pump 

activity was performed using the Cartwheel method. A high frequency of resistance 

(n=87/87%) to at least one antifungal was observed, with 21% (n=21) of isolates 

showing simultaneous resistance to multiple antifungal agents. The fungal isolates 

evaluated showed the highest frequency of resistance to fluconazole (n=70), followed 

by voriconazole (n=68), itraconazole (n=47), and caspofungin (n=20), and the highest 

susceptibility to amphotericin B (n=1). The most common mutation was detected in the 

ERG11 gene (n=38/43.7%), followed by CDR2 (n=17/19.5%), CDR1 (n=7/8%) and 

MDR1 (n=6/6.9%). The ERG2 and FKS1 genes were not detected in any of the isolates 

in this study. Besides the intrinsic efflux pump activity observed in all Candida isolates, 

14 Candida albicans isolates exhibited a higher MCEtBr compared to the reference 

strain, with 1.0 µg/l (n=10) and 1.5 µg/l (n=4). For the non-albicans group, 6 isolates of 

Candida tropicalis, 3 of Candida parapsilosis, and 1 each of Meyerozyma guilliermondii 

(syn. Candida guilliermondii) and Pichia kudriavzevii (syn. Candida krusei) presented 

an MCEtBr greater than the reference at 1.0 µg/l, those findings point towards an 

overexpression of the mechanism. Sodium hypochlorite was the most effective biocide 

tested with an inhibition zone ranging from 18.3mm (±4.4) to 34.0mm (±4.0), and the 

least effective was hydrogen peroxide at 4.25% and benzalkonium chloride 5% with 

6.00mm (±0.0). This study highlights considerable antifungal resistance in Candida 

spp., particularly to azoles, in association with tolerance to routinely used biocides, 

emphasizing the need to develop new therapeutic strategies and infection control 

measures for healthcare-associated infections. 

Keywords: Candida; Infections; Antifungal susceptibility; Azoles; Efflux pumps; 

Biocide tolerance; Sodium hypochlorite.  



RESUMO 
 

A candidíase é uma infecção oportunista que afeta a saúde pública. Nos últimos anos, 

espécies emergentes de Candida contribuíram para aumentar o impacto da doença 

pela resistência antifúngica. Este estudo teve como objetivo avaliar o perfil de 

suscetibilidade antifúngica de isolados clínicos de Candida, investigar mecanismos de 

resistência, avaliar a atividade da bomba de efluxo e avaliar a tolerância a biocidas. 

Foram analisados 100 isolados de indivíduos hospitalizados e ambulatoriais. A 

suscetibilidade antifúngica e a tolerância a biocidas (hipoclorito de sódio, peróxido de 

hidrogênio e cloreto de benzalcônio) foram avaliadas usando um teste de disco-

difusão, e os mecanismos de resistência molecular foram explorados por meio da 

reação em cadeia da polimerase (PCR). A atividade da bomba de efluxo foi realizada 

usando o método Cartwheel. Foi observada uma alta frequência de resistência 

(n=87/87%) a pelo menos um antifúngico, com 21% (n=21) dos isolados mostrando 

simultaneamente resistência a múltiplos agentes antifúngicos. A maior frequência de 

resistência a agente antifúngico foi observada para fluconazol (n=70), seguido por 

voriconazol (n=68), itraconazol (n=47), caspofungina (n=20) e a maior suscetibilidade 

para anfotericina B (n=1). A mutação mais comum encontrada foi do gene ERG11 

(n=38/43,7%), seguido por CDR2 (n=17/19,5%), CDR1 (n=7/8%) e MDR1 (n=6/6,9%). 

ERG2 e FSK1 não foram encontrados. Apesar da atividade intrínseca da bomba de 

efluxo ser encontrados em todos os isolados de Candida, 14 isolados de Candida 

albicans apresentaram MCEtBr maior que a linhagem de referência, com 1,0 µg/l 

(n=10) e 1,5 µg/l (n=4). Para o grupo non-albicans 6 isolados de Candida tropicalis, 3 

de Candida parapsilosis e 1 de Meyerozyma guilliermondii (sin. Candida guilliermondii) 

e Pichia kudriavzevii (sin. Candida krusei) apresentaram MCEtBr maior que a 

referência em 1,0 µg/l, com índice de 1 em relação à linhagem de referência, que 

apontam para uma possível superexpressão do mecanismo. Biocida mais eficaz foi o 

hipoclorito de sódio, com uma zona de inibição variando de 18,3mm (±4,4) a 34,0mm 

(±4,0), e o menos eficaz peróxido de hidrogênio a 4,25% e cloreto de benzalcônio a 

5% com 6,0mm (±0,0). Este estudo destaca considerável resistência aos antifúngicos 

em Candida spp., particularmente aos azóis, com associação entre a tolerância a 

biocidas utilizados rotineiramente. 

Palavras-chave: Candida; Infecções; Suscetibilidade antifúngica; Azóis; Bombas de 

efluxo; Tolerância aos biocidas; Hipoclorito de sódio.  
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1. INTRODUCTION 

Candida spp. is a genus of fungi that includes several pathogenic species, 

with Candida albicans, Candida tropicalis, Candida parapsilosis and Candida glabrata 

being the most common in human infections. These infections, often healthcare-

associated, are associated with high rates of morbidity and mortality, as well as 

significant hospitalization costs. It is estimated that invasive fungal infections caused 

by Candida spp. represent one of the main causes of hospital infections in intensive 

care units, with an increasing prevalence in recent decades, particularly in immuno-

compromised patients, such as those with HIV, cancer patients, or those using 

immunosuppressive therapies. The increased prevalence of these infections has been 

concomitant with the emergence of antifungal-resistant strains, complicating 

therapeutic management and making treatment options more limited and expensive. 

Antifungal resistance has become a significant challenge for treating 

Candida spp. infections, associated with different molecular mechanisms. Resistance 

to azole antifungal compounds, such as fluconazole and voriconazole, is particularly 

concerning, as these drugs are commonly used as first-line treatment. Mutations in the 

ERG genes, which are involved in the biosynthesis of ergosterol, the main target of 

azoles, are the most common molecular mechanisms of resistance. In addition, the 

over-expression of the efflux pumps, whose proteins are encoded by CDR1, CDR2 

and MDR1, is frequently associated with resistance to several antifungals, including 

azoles, echinocandins and polyenes. These efflux pumps act in the active export of 

drugs out of cells, decreasing the intracellular concentration of the antimicrobial agent 

and, consequently, its efficacy. In addition to resistance to antifungals, tolerance to 

biocides, such as those used for hospital disinfection and sterilization, also represents 

an obstacle in the control of healthcare-associated infections. Recent studies have 

shown that efflux pumps contribute to antifungal resistance and also play a significant 

role in reducing the efficacy of biocides. This phenomenon becomes an additional 

challenge in the control of Candida spp. in hospital environments, where rigorous 

disinfection and the use of biocides are crucial to prevent outbreaks. The ability of efflux 

pumps to export these substances impedes the effective action of biocides, 

contributing to the persistence of Candida spp. in hospital environments and increasing 

the burden of infections. 
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Effective management of these infections demands a clear understanding 

of the resistance and tolerance mechanisms in Candida spp., along with constant 

surveillance to detect multidrug-resistant strains. Molecular studies that identify 

specific mutations in resistance genes, conducted through polymerase chain reaction 

(PCR), combined with phenotypic assessments of antifungal and biocide susceptibility, 

are crucial for enhancing therapeutic and prevention strategies. Rapid and accurate 

diagnosis of resistant strains enables the selection of more effective treatments, which 

can reduce both mortality and the costs associated with infections. Furthermore, 

implementing control measures, like the rational use of antimicrobials, rigorous 

monitoring of resistance, and proper sanitation of hospital environments, is essential 

to preventing the spread of resistant strains and minimizing the clinical and economic 

impact of these infections.  

In this context, the present study aims to analyze clinical isolates of Candida 

spp. resistance to antifungals, correlating the phenotypic findings with the genetic 

resistance profiles, investigating the impact of efflux pumps as a mechanism of 

multifactorial resistance, and accessing its tolerance to biocides. 
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2. LITERATURE REVIEW 

2.1 Candida spp. 

Among the most common fungal infections, candidiasis is a disease popularly 

caused by Candida spp. The genus Candida belongs to the Saccharomycetes class, 

phylum Ascomycota, and encompasses a group of opportunistic unicellular yeasts 

(Chen et al., 2020). In recent years, the genus has undergone taxonomic changes 

based on molecular sequences that have not yet been fully elucidated (Takashima; 

Sugita, 2022). 

The most described etiological agent for candidiasis is Candida albicans. 

However, other Candida non-albicans (NCAC) species such as Nakaseomyces 

glabratus (syn. Candida glabrata), Candida parapsilosis, Meyerozyma guilliermondii 

(syn. Candida guilliermondii), Pichia kudriavzevii (syn. Candida krusei) and Candida 

tropicalis, have great influence as clinically emerging pathogens, accounting for more 

than half the cases of invasive candidiasis and candidemia worldwide since the early 

2000s (Gonzalez-lara; Ostrosky-zeichner, 2020; Mccarty; White; Pappas, 2021). 

Additionally, Candida auris is an emerging multidrug-resistant species identified in the 

last decade, associated with a high mortality rate ranging from 33% to 73% in the 

United Kingdom (Rhodes; Fisher, 2019). 

The first description of Candida spp. was made through an autopsy of the 

esophagus mucosa of a cadaver with typhoid fever by Professor Dr. B. Langenbeck in 

1839. At the time, he described the fungus as a thick, loose, opaque, yellowish mass 

with a wool-like surface that strongly adhered to the mucous membrane of the 

esophagus. Under microscopy, it appeared as a huge number of fungi with extremely 

tangled and branched thread-shaped stalks. A simple cell lineage, whose cells are 

somewhat stretched, joins the threads (Knoke; Bernhardt, 2006). 

The ability to acquire changes in the phenotype of this genus in question 

guarantees the ability to thrive in various host niches with different pH, metabolite and 

oxide profiles (Scaduto; Bennett, 2015). Such as the ability to form hyphae in Candida 

albicans as a pathogenic process (Chen et al., 2020). These microorganisms are 

commonly associated with healthy human intestinal, vaginal and skin microbiota 

(Kreulen et al., 2023). In cases of imbalance in the microorganism-host relationship, 

localized infection, horizontal transmission by the hands of professionals or use of 

invasive medical devices, they can trigger a pathological process (Lu et al., 2023). The 
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pathogenesis of these infections involves a series of factors, including adherence to 

the host surface, biofilm formation capacity, production of hydrolytic enzymes and the 

ability to evade the host's immune response (Lopes; Lionakis, 2022). 

The main predisposing factors for infections caused by Candida spp. include 

immune suppression (e.g. neutropenia), use of immunosuppressive medications, 

mucositis, use of broad-spectrum antibiotics, invasive medical devices (e.g. central 

venous catheters), and the fungal virulence ability (Jenks et al., 2020).  

In Europe, C. albicans is the most prevalent species, followed by C. glabrata 

and C. parapsilosis, with notable regional variations; for example, Austria has a high 

proportion of C. albicans, whereas C. glabrata is more common in the Czech Republic, 

France, and the UK (Arendrup et al., 2023). The Antimicrobial Surveillance Program 

(SENTRY) reported similar trends globally, with C. albicans predominating in the Asia-

Pacific region, C. glabrata being more prevalent in North America, and C. parapsilosis 

and C. tropicalis more common in Latin America (Pfaller et al., 2011). Genotyping 

studies have shown high clonal diversity and the widespread presence of certain 

Candida genotypes, indicating that some strains are shared across distant 

geographical areas, potentially due to patient-to-patient transmission or limitations in 

genetic discrimination methods (Guinea et al., 2020). 

2.2 Morphopatogenesis 

Understanding the reasons and mechanisms underlying the pathogenicity 

of Candida species is of great importance, given its broad spectrum of characteristics, 

which include morphological variations, biofilm formation, thigmotropism, and 

production of virulence factors. In addition, it is essential to understand the factors that 

make an individual susceptible to candidiasis, as well as the elements that contribute 

to the severity of this condition (Farhan et al., 2024). 

Yeast, hyphae, and pseudohyphae differ in their cell morphology, function, 

and growth condition (Chen et al., 2020). One important characteristic of C. albicans is 

that it can exist in three phases, budding yeast, pseudohyphae, and hyphae. The 

plasticity of the mycelial form is a determinant factor of drug resistance and is also an 

important form during the infection stage. In addition, the transformation of C. albicans 

from yeast to hyphae can help fungi in tissue penetration through tigmotropism leading 

to blood vessels and deep seated-organs colonization, and escape the phagocytosis 
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of macrophages, resulting in an increased likelihood of invading host tissues and 

causing greater damage (Thomson; Wehmeier; Byfield, 2015; Witchley et al., 2019). 

Candida tropicalis can grow as pseudohyphae and C. parapsilosis can grow 

as short filaments (Silva et al., 2012). This hints toward a unique morphogenetic 

pathway in C. albicans, which is not present in more distantly related NCAC species 

(Bottcher et al., 2016; Gómez-gaviria; Ramírez-sotelo; Mora-montes, 2022). In vivo 

and in vitro studies carried out with the C. auris clinical isolate showed increased tissue 

colonization with no morphological changes documented, such as pseudohyphae or 

mycelium (Wang et al., 2022). 

Candida albicans demonstrates remarkable morphological plasticity at both 

cellular and colony levels, enabling their survival in diverse host environments under 

varying conditions such as pH, temperature, and oxygen availability. A key feature of 

this adaptability is phenotypic switching, where the organism transitions between 

distinct white and opaque forms, a mechanism crucial for mating, survival, and 

pathogenicity. While significant attention has been given to the yeast-to-hyphal 

transition due to its role in disease, white-to-opaque switching is equally vital, 

influencing adaptability and infection across host niches (Takagi et al., 2019).  

Since its isolation in 1839, the understanding of C. albicans morphology has 

evolved, revealing its capacity for a non-meiotic parasexual cycle involving 

hybridization and genetic recombination, challenging earlier beliefs of purely asexual 

reproduction. These morphological and reproductive traits are central to C. albicans 

pathogenicity, contributing to its genetic diversity and capacity to thrive in the human 

host (Mishra; Forche; Anderson, 2021). 

Yeasts of the genus Candida are capable of synthesising various virulence 

factors that play a crucial role in their pathogenesis, that include: thermotolerance,  

adhesins, hydrolytic enzymes (e.g. proteases, lipases, hemolysins), membrane and 

cell wall barriers, biofilm formation, signal transduction pathway, expression of 

resistance genes to antifungal drugs, production of toxins and germ tube formation 

(Hube; Naglik, 2001; Liu, 2001; Al-dabbagh;ajah; Salman, 2023;  De Souza et al., 

2023; Saiprom et al.., 2023; Sundstrom, 2020; Wijaya; Halleyantoro; Kalumpiu, 2023). 

They also produce extracellular enzymes such as phospholipases, proteinases, and 

hemolysins. Besides facilitating colonization and infection of host tissues, these factors 

also contribute to antifungal resistance, which makes them an important target for 

studies about Candida spp. drug resistance (Staniszewska, 2020). 
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The virulence of a microbial species is determined by the dynamic 

interactions between the microorganism and the host rather than constituting an 

intrinsic characteristic of the microorganism. While primary pathogens can develop 

independently of the presence of lesions in the host, opportunistic pathogens, such as 

Candida spp., require specific conditions to cause infection. In this context, 

environmental factors exert a determining influence, modulating the strategies 

employed by microorganisms to overcome the host's innate defense mechanisms. 

Thus, virulence proves to be an adaptive characteristic and can be increased, reduced, 

or even reestablished depending on environmental conditions and interaction with the 

host (Méthot; Alizon, 2014; Du et al., 2020; Singh; Tóth; Gácser, 2020; Farhan et al., 

2024;). 

2.3 Clinical Manifestations  

Candida spp. infections represent a significant challenge to global health 

and are favored by three main conditions: prolonged use of antimicrobials, 

immunosuppression, and use of invasive medical devices, such as catheters and 

probes (Pappas et al., 2018).  

Some of the most common manifestations of candidiasis include 

mucocutaneous infection that affects mucosa, mainly oral or vaginal, and skin. Clinical 

symptoms of itching and redness, vaginal discharge or white spots on the oral mucosa 

or throat may be observed (Kan et al., 2020). It is estimated that millions of cases of 

Candida spp. infections occur annually worldwide, including mucocutaneous 

infections, candidemia and invasive candidiasis (LOCKHArt; Guarner, 2019).  As part 

of the vaginal microbiota, it is estimated that between 5 and 10% of people may 

develop endogenous vulvovaginal candidiasis, with 70 to 90% of cases being caused 

by C. albicans. Other factors that influence the infection are vaginal delivery, 

transmission of Candida spp. from the rectal tract to the vulvovaginal region, or 

transmission through sexual intercourse (Tian et al., 2021). Cases of candiduria have 

been reported in 5.5% of the hospitalization in pediatric intensive care units (ICU) 

(Gharaghani et al., 2021). One of the main causes of onychomycosis, a fungal nail 

infection responsible for 50% nail disorders, is Candida spp., being the third most 

common cause of infection (Widaty et al., 2020). Despite the frequency of other clinical 

manifestations, candidemia and invasive candidiasis are the manifestations with the 

greatest clinical relevance, given the increase in the rate of candidemia cases in the 



17 
 

last 10 years, from 2.18 cases per 100,000 inhabitants to 3.22 cases (Oliva et al., 

2023), being the second most common cause of bloodstream infection associated with 

healthcare services in the United States (Mccarty; White; Pappas, 2021). 

Another clinical condition is invasive candidiasis or candidemia, which 

combines the invasive capacity and the ability to compromise organs and the 

bloodstream, respectively. This condition is commonly observed in hospital settings, 

mainly in intensive care units (ICUs), where the rate of secondary infections is high 

due to factors such as morbidity and immunosuppression in severely ill patients 

(Pappas et al., 2018; Lona-Reyes et al., 2022). Invasive candidiasis is not a single 

condition but rather a disorder with a myriad of clinical symptoms. It results from the 

colonization of internal organs by Candida spp., which can trigger intra-abdominal 

abscess, peritonitis, and osteomyelitis. This clinical condition may or may not be 

accompanied by candidemia (Pappas et al., 2018).  

 Cases of invasive candidiasis are led internationally by the species C. 

albicans, but since the early 2000s, NCAC species collectively account for more than 

half of cases worldwide, with those of the C. parapsilosis complex being the most 

common among them (Gonzalez-lara; Ostrosky-zeichner, 2020). Despite this shift in 

the scenario, C. albicans remain the most prevalent, having decreased from 57.4% to 

46.4% over the past 20 years (Friedman; Schwartz, 2019). Nosocomial infections have 

the highest mortality rate due to hospital infections, with survival of up to 30 days after 

diagnosis in 40 to 55% of cases in intensive care units. Risk factors include the use of 

immunosuppressive drugs, elderly patients, severity of the condition, comorbidities, 

use of venous catheters, and failed antifungal treatments. With a global incidence rate 

of 3-5 per 100,000 people, and an incidence of 1 to 2% of all ICU admissions, an 

annual incidence of 75,000 cases per year worldwide (Soriano et al., 2023). 

Sentry is an antifungal surveillance program that provides a database for 

epidemiological studies of invasive infections caused by Candida spp. worldwide and 

currently includes clinical isolates from 39 countries. They studied 1,846 clinical 

isolates, among them 82% were Candida spp. The region with the highest incidence 

was Europe with 41%, followed by Asia-Pacific (24.5%), North America (23.5%), and 

Latin America with the lowest incidence with 11% (Castanheira et al., 2016). A 

multicenter surveillance study in 16 hospitals distributed across five regions of Brazil 

found in 2,563 nosocomial bloodstream infection episodes that Candida spp. was the 

7th most prevalent agent, with a crude mortality rate of candidemia during the hospital 
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admission at 72.2%. It was observed that 29 days of hospitalization in the candidemia 

cases (Doi et al., 2016). 

One of the great challenges in controlling nosocomial infections by Candida 

spp. is in the proper management for decontamination of the hospital environment, 

considering that the capacity for biofilm formation allows the colonization of biotic and 

abiotic surfaces, such as the hands of health professionals, medical devices and 

surfaces in hospital environments (Dal Guedes Da Silva; Sanches; Chassot, 2022). 

 

2.4 Laboratorial diagnosis  

In addition to the patient’s clinical history, an accurate laboratory diagnosis 

is essential for determining the treatment of the infection. This diagnosis can be made 

through direct examination of clinical specimens such as blood, cerebrospinal fluid, 

synovial fluid, peritoneal fluid, vaginal secretion, and tissue fragments, allowing the 

observation of fungal structures such as blastoconidia or pseudohyphae (Pfaller; 

Castanheira, 2015). However, the method gold standard for diagnosis in cases of 

suspected candidemia and invasive candidiasis is culture in specific media, capable of 

characterizing the fungal species involved in the infectious process (Deorukhar And 

Roushani, 2018; Mccarty; White; Pappas, 2021). The characterization at the species 

level of Candida spp. isolates can be performed by manual or automated methods, 

such as Vitek 2® (bioMérieux/France), based on physiological and biochemical tests, 

or through molecular identification tests such as PCR to detect the DNA of this 

microorganism (Patwardhan et al., 2024). 

Traditional methods for identifying Candida species are often slow, requiring 

48 to 72 hours for results, and may misidentify rare or emerging species, like C. auris, 

which can have significant clinical implications (Kathuria; Singh; Sharma, 2015). 

Amplification techniques, such as multiplex PCR, are increasingly used for post-culture 

identification of Candida species, offering rapid results with high sensitivity and 

specificity. PCR-based tests can detect Candida DNA in clinical samples like blood, 

serum, and tissues, although challenges such as nucleic acid extraction and variable 

analytical sensitivity persist (Pfaller; Castanheira, 2015). Moreover, others diagnostic 

tools, such as peptide nucleic acid (PNA)-fluorescent in situ hybridization (FISH) and 

matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF-MS), provide faster and more precise species identification within 1 to 2 hours 



19 
 

post-culture (Arvanitis; Anagnostou; Fuchs, 2014). However, molecular biology-based 

methods are not yet widely used in clinical laboratories due to their high cost, the need 

for specialized equipment, and the requirement for qualified analysts (Dadar et al., 

2018). 

Qualitative methods are widely used in clinical laboratories due to their low 

cost and ease of execution, such as those based on disk diffusion, described by Kirby-

Bauer (White et al., 2021). There are very important protocols used for interpreting the 

breakpoints of these methods: Clinical & Laboratory Standards Institute (CLSI), 

European Committee on Antimicrobial Susceptibility Testing in vitro (EUCAST), and 

Brazilian Committee on Antimicrobial Susceptibility Testing (BRCAST), for determining 

susceptibility to antifungals can be qualitative or quantitative and help determine the 

best therapy for Candida spp. infections. Among the quantitative methods, micro or 

macrodilution in broth are procedures considered the gold standard, in which the 

minimum inhibitory concentration (MIC) values are used as a parameter for 

implementing assertive therapy (Castanheira et al., 2016). Automated or semi-

automated commercial methods are available for laboratory use: Broth microdilution 

(e.g., Vitek-2TM, Sensititre YeastOne®) or agar-based (e.g., MIC Test Strip® and 

Etest®) (Alastruey-izquierdo et al., 2015). 

2.5 Antifungal agents of clinical interest 

Currently, the clinical arsenal of antifungals against Candida spp. comprises 

different mechanisms of action. Azole derivatives such as itraconazole, fluconazole, 

voriconazole, posaconazole and isavuconazole act as inhibitors of ergosterol 

biosynthesis at the plasma membrane level, reducing membrane flexibility, 

permeability and the function of membrane enzymes, leading to inhibition of the growth 

of Candida spp. (Nivoix; Ledoux; Herbrecht, 2020). Polyene derivatives, such as 

amphotericin B (AmB), act by forming pores in the fungal cell membrane, altering 

membrane permeability. These drugs have fungistatic and fungicidal activity (Prasad; 

Shah; Rawal, 2016). Echinocandins, such as micafungin, anidulafungin, act as 

inhibitors of fungal cell wall synthesis, blocking the biosynthesis of (1,3)-β-D-glucan, 

leading to osmotic imbalance and cell death (Campoy; Adrio, 2017; Nivoix; Ledoux; 

Herbrecht, 2020). 

 

Figure 1. Different mechanisms of action for antifungal agents in the yeast cell (Macedo; Dias, 
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2024).  

 

 

2.5.1. Azoles 

 Azoles are a commonly prescribed class of antifungal drugs, with several 

derivatives such as itraconazole, fluconazole, voriconazole, posaconazole and 

isavuconazole. Azoles exert their effect by inhibiting the enzyme CYP-dependent C-

14α-demethylase, involved in the conversion of lanosterol to ergosterol, which is 

encoded by the ERG11 gene in yeast (Spampinato; Leonardi, 2013). This causes 

depletion of ergosterol, which is an essential sterol of the fungal cell membrane. It will 

reduce membrane flexibility, permeability, and the function of membrane enzymes, 

resulting in a fungistatic activity of Candida spp (Lewis, 2011; Perlin; Rautemaa-

richardson; Alastruey-izquierdo, 2017). 

 

2.5.2. Echinocandin 

 Echinocandins, like caspofungin, are a natural derivative type of medication 

that acts by disrupting the cell wall, blocking the biosynthesis of (1,3)-β-D-glucan. 

Which is not present in human cells, making it safe for patients, and leads to osmotic 

imbalance that ultimately kills the fungus (Lewis, 2011). These drugs are highly 

effective against Candida spp. and are recommended as a primary treatment for 

invasive candidiasis (Lai et al., 2008). They are administered intravenously due to poor 

oral absorption. Echinocandins target a heteromeric enzyme complex comprising a 

regulatory subunit (Rho1), that needs a chemical named guanosine triphosphate to 
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work, and a catalytic subunit made from the FKS gene. By acting on these 

mechanisms, echinocandins can lead to reduced yeast budding (Perlin; Rautemaa-

richardson; Alastruey-izquierdo, 2017).  

 

2.5.3. Polyenes  

Polyenes are a group of antifungal drugs that act by binding to the fungal cell 

membrane and making it porous, which ultimately leads to the death of the cell. 

Amphotericin B (AmB) is a specific type of polyene that is commonly used to treat 

severe systemic fungal infections, such as those affecting the lungs, brain and 

bloodstream. This group of drugs is the oldest among antifungals, and AmB is the most 

popular and has excellent antifungal activity against a broad range of fungi, including 

several species of Candida spp. (Liu, 2001; Perlin; Rautemaa-richardson; Alastruey-

izquierdo, 2017). Amphotericin B debuted as a therapeutic option in 1958, with a potent 

broad-spectrum antifungal activity and with a significant advancement for 

immunocompromised patients. However, its use was constrained by toxicity, paving 

the way for the development of alternative drugs with improved tolerability, reduced 

drug interactions, and complementary mechanisms of action (Quiles-melero; García-

rodríguez, 2021). Lipid-based AmB formulations, introduced in the 1990s, permitted 

the use of a higher daily dose, provided better delivery to organs within the reticular 

endothelial system such as the lungs, liver, and spleen, with similar efficacy to 

conventional amphotericin B, and less nephrotoxic (Hamill, 2013). In contrast to azoles 

that target ergosterol biosynthesis through the inhibition of sterol 14α-demethylase 

activity (ERG11), Amphotericin B has both fungistatic and fungicidal activity by binding 

to the fungal membrane, leading to changes in membrane permeability. Vander Waals 

forces stabilize the interaction between AmB and ergosterol, resulting in the formation 

of membrane pores that leak monovalent ions (K+, Na+, H+, Cl-). Furthermore, AmB 

causes oxidation that results in fungal cell damage and has a stimulatory effect on 

phagocytic cells assisting fungal infection clearance (Prasad; Shah; Rawal, 2016; Al 

Balushi et al., 2018; Rybak; Fortwendel; Rogers, 2019). 

Table 1. Schematic representation of different classes of antifungals and their representatives, 

including spectrum of action, route of administration and origin (Macedo; Dias, 2024).  
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2.6 Antifungal resistance 

A repository published by the World Health Organization (WHO) discussed 

Antifungal 
class 

Spectrum of action Administration 
pathway  

Origin  

Polyenes 
 Amphotericin B 
 

 
Cryptococcus 
neoformans, 
most Candida spp., 
Aspergillus spp. 

 
Intravenous (IV) 
Dose range 0.7 
to 1mg/kg/day 

 
Isolated from 
Streptomyces 
nodosus 

Echinocandin 
 Micafungin 
 
 
 Caspofungin 
 

 
 
 Anidulafungin 

 
Most Candida spp. 

 
IV: 100 mg/d 
150 mg/d 
50mg/d 

 
Fermentation 
products from A. 
nidulans, A. 
aculeatus, and 
Zalerion arboricola 

Candida spp., 
Aspergillus spp., and 
some other molds 
and dimorphic fungi 

IV: 70mg on day 1, then 
50 mg/d 

Most Candida spp. IV: 200mg on day 1, 
then 100mg/d 

Azoles 
 Fluconazole 
 
 
 
 
 
 
 Itraconazole 
 
 
 
 
 
 Posaconazole 
 
 
 
 
 
 
 Isavuconazole 
 
 
 
 
 Voriconazole 

 
Candida spp. (except 
C. krusei and to a 
lesser extent C. 
glabrata) and other 
yeasts such as 
Cryptococcus spp. 

 
Oral: 
50–800mg once a day 
Inactive against molds 

 
Synthetic 
heterocyclic 
compounds 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Natural compounds 

Candida spp. 
and Cryptococcus spp., 
molds  
Aspergillus spp., and 
dimorphic fungi. 

Oral solutions or 
capsules: 
100–200mg/d 

Candida spp. and 
Aspergillus spp. 

IV and tablets: 2x300 mg 
on day 1, then 300mg/d 
Oral suspension: 100–
800mg/d depending on 
the indication (in 
combination with food) 

C. neoformans, 
Candida spp,, molds 
Aspergillus spp. and 
Mucorales 

IV: 
3x200mg on days 1 and 
2, then 200 mg/d 

Yeasts and gold 
standard to Aspergillus 
spp. 

IV: 2x6mg/kg on day 1 
then 2x4mg/kg/d 
Oral: 2x400mg on day 1, 
then 2x200 mg/d 

https://link.springer.com/chapter/10.1007/978-981-16-8399-2_4
https://link.springer.com/chapter/10.1007/978-981-16-8399-2_4
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a list of fungal pathogens that are a priority for health and research actions. It named 

19 fungi according to their impact on public health and due to the emerging risk of 

antifungal resistance exhibited by these fungi. Among them, the species C. auris and 

C. albicans are in the critical priority group, and C. glabrata, C. parapsilosis and C. 

tropicalis are in the high priority group (Who, 2022). 

Antifungal resistance is a growing public health concern, with a direct impact 

on the treatment and management of Candida spp. infections (Perlin; Rautemaa-

richardson; Alastruey-izquierdo, 2017). Various antifungal resistance mechanisms 

have been described in the literature, and these may be molecular or non-molecular. 

For example, mutations in the ERG genes (involved in ergosterol biosynthesis) and 

overexpression genes for efflux pumps (MDR1, CDR1 and CDR2 genes) are the most 

reported molecular mechanisms of resistance in clinical isolates, mainly related to 

azole derivatives (Branco et al., 2017). For echinocandins, a molecular mechanism 

most described in the scientific literature is the mutation in the FKS genes that are 

involved in beta-glucan synthesis (Arendrup; Perlin, 2014a).  

2.6.1. Ergosterol biosynthesis pathway 

ERG genes are responsible for regulating the synthesis of ergosterol, which 

is an important constituent of the fungal cell membrane. It plays a crucial role in several 

cellular functions, including maintaining membrane fluidity and integrity, as well as 

facilitating the proper functioning of membrane-bound enzymes (Branco; Ola; Silva, 

2017). Azole drugs block synthesis by inhibiting the activity of ERG genes, binding to 

and inhibiting the enzyme lanosterol demethylase, causing damage to the cell 

membrane. In the literature, we have many findings with overexpression and mutation 

of different ERG genes, but the most frequent is ERG11. Alterations in the ERG11 

gene could be due to gene overexpression or prevention of azole binding on lanosterol-

4,4-dimethylcholesta-8,14,24-trienol, which could be through steric blockade of the 

ligand-binding pocket where azole antifungals compete with the ergosterol precursor 

allowing the formation of ergosterol and, consequently, losing azole susceptibility 

(Nishimoto; Sharma; Rogers, 2020). Fan et al., showed by Reverse Transcription 

Polymerase Chain Reaction (RT-PCR) that azole-resistant C. tropicalis isolates have 

higher expression of the ERG11 gene than susceptible isolates and, in 92% of resistant 

isolates, amino acid substitutions in A395T and C461T that resulted in Y132C and 

S154C (Fan; Xiao; Zhang, 2019; Song et al., 2022). The same homozygous mutations 
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that result in substitutions in A395T and C461T were also found in C. parapsilosis 

(Nabili et al., 2016; Nishimoto; Sharma; Rogers, 2020). 

In addition, there is evidence in the literature of the action of gene promoters 

of the ERG genes, namely, UPC2 and ndt80. They have the role of precisely inducing 

the expression of the ERG genes, in the same way that their deletion can be a 

mechanism to control resistance through the overproduction of ergosterol in 

Saccharomyces cerevisiae, C. albicans and C. parapsilosis (Branco, 2017; Song et al., 

2022).  

 

 

Figure 2. Schematic representations of the ergosterol biosynthesis pathway, and alterations 

involved in azole resistance (Macedo; Dias, 2024).  

 

(A) A schematic of the ergosterol biosynthesis pathway, which highlights the action 

of Azoles in the ERG11 gene. (B) The overexpression of ERG11, leads to the synthesis of 

ergosterol independently of the azole action. (C) A mutation in ERG11, which inhibits the 

binding of azoles in lanosterol-4,4-dimethylcholesta-8,14,24-trienol (Macedo; Dias, 2024). 

2.6.2. Alternative pathway of ergosterol biosynthesis 

The essential mechanism of action of AmB consists of binding to ergosterol 

present in the cell membrane. Non-molecular or acquired resistance is the previous 

use of azoles that inhibit ergosterol biosynthesis, which has been described for multiple 
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Candida species, including C. albicans, C. parapsilosis, C. guilliermondii, and C. 

luisitaniae (Vazquez et al., 1998). A molecular mechanism involved in ergosterol 

biosynthesis in the ERG2 gene mutation leads to an alternative pathway that results in 

another formulation, Ergosta-5,8,22-trienol, which is not susceptible to AmB (Hull; 

Bader; Parker, 2012). 

 

Figure 3. Schematic representations of ergosterol biosynthesis pathway and mutation in the 

ERG2 gene leading to an alternative pathway as a resistance mechanism for AmB (Macedo; 

Dias, 2024).  

 

2.6.3. Overexpression of the efflux pump 

Another known mechanism is the efflux pump, where pathogens can export 

azole drugs from inside the cell to the outside. Expression is regulated by the genes 

CDR2, CDR1 and MDR1, which coordinate the synthesis of ABC transport proteins 

that act on the cell membrane by exporting azole substances. In cases of 

overexpression, the synthesis of ABC transporters is higher, causing greater action of 

the efflux pump; transcription factors, namely TAC1 and Mrr1, are also synthesized by 

the gain in maintenance related to the mutation (Ben-ami; Kontoyiannis, 2021). 

Mrr1 and Tac1b are both transcription factors that, respectively, act on the 

expression of CDR1 and positively regulate the expression of the ATP-binding cassette 

(ABC) transporter CDR1, involved in the efflux of azole resistance in C. auris (Fan et 

al., 2021). A mutation in Tac1b and increased expression in CDR1 were found in 

clinical isolates of C. auris in synergy with fluconazole-resistant isolates (Lockhart; 
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Etienne; Vallabhaneni, 2017; Carolus; Pierson; Muñoz, 2021). A mutation in the CDR4 

and MDR1 genes, involved in ABC transporters, was also described for this multidrug-

resistant species (Fan et al., 2021). Homozygous alleles (A/A) in the MDR promoter 

confer higher levels of CDR2 and MDR1 expression and resistance to fluconazole in 

C. albicans (Castanheira et al., 2017). In C. glabrata, overexpression in CDR1 and 

CDR2, and PDR1 Y372C gain of function mutation, which resulted in decreased 

intracellular triazole accumulation (Cavalheiro; Costa; Silva-dias, 2018). As did 

increased expression in MDR1 and CDR1 in C. parapsilosis (Castanheira et al., 2020; 

Handelman; Osherov, 2022). 

 

Figure 4. Schematic diagram illustrating the efflux pump activity and ABC transporters in the 

fungal membrane (Macedo; Dias, 2024). 

 

(A) A schematic diagram illustrating the normal action of an efflux pump. (B) A schematic 

diagram showing the efflux pump with increased expression of MDR1, CDR1 and CDR2 

genes, leading to the synthesis of more ABC transporters, and consequently, an overly active 

efflux pump (Macedo; Dias, 2024).  

2.6.4. FKS genes 

The fungal cell wall contains β-1,3-Glucan, which is synthesized by a 

membrane protein synthase encoded by FKS genes. This synthesis is regulated by 

the GTPase Rho1. Once the glucan is polymerized, the encoded protein moves to the 

extracellular space (Hu; Yang; Chai, 2023). The clinical advancement of echinocandin 

resistance is associated with an intrinsic amino acid substitution in two narrow hotspot 
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regions of FKS1 for all Candida species and FKS2 in C. glabrata (Arendrup; Perlin, 

2014b). 

Alteration in FKS genes was described in 73.3% of resistant C. glabrata 

isolates, including FKS2 HS1 S663P, FKS1 HS1 S629P, FKS1 HS1 F625S and FKS2 

HS1 F659S/Y, first in four isolates and the others in three isolates. In addition, three 

isolates carried mudouble mutations, they were FKS1 HS1 S629P/FKS2 HS1 S663P 

or FKS1 HS1 F625S/FKS2 HS1 F659Y (Fan et al., 2021; FRaser; Thorn; Lawrance, 

2020; Alexander; Johnson; Pfeiffer, 2013). Diekema et al. also pointed out mutations 

in HS for 51 C. glabrata isolates, and for other Candida spp. such as C. albicans and 

C. tropicalis with the same HS mutations (Diekema et al., 2019). These types of 

mutations have been shown to influence the sensitivity of the GS enzyme complex to 

inhibition by individual echinocandins (Fraser; Thorn; Lawrance, 2020; Song et al., 

2022). In a multicenter study in India, the S639F mutation in FKS1 was described in 

four echinocandin-resistant isolates of C. auris (Chowdhary; Prakash; Sharma, 2018). 

 

Figure 5. Schematic representations of fungal cell wall beta 1,3 glucan biosynthesis (FKS 

gene) (Macedo; Dias, 2024). 

 

2.6.5. Previous exposure to azoles 

A study measured the susceptibility of Candida species isolates to AmB 

alone and with previous exposure to azoles. The results showed that pre-exposure to 

azoles confers a decreased fungicidal effect on AmB, conferring acquired resistance 
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to all isolates (Vazquez et al., 1998). 

2.6.6. Other factors 

Many variables contribute to antifungal resistance, like the host's immune 

system. Little is known about the role of the host immune system in antifungal 

resistance in clinical conditions, but it has been described as a form of inability to 

sustain the action of the antifungal drug by the immune response of the 

immunocompromised host, resulting in prolonged use of the drug (Mancuso et al., 

2022). This exposure to suboptimal levels of the drug leads to the selection of resistant 

strains, creating new subclinical reservoirs and infections (Revie et al., 2018). As for 

the battle of the host immune system against fungal infections, in some cases it may 

face some difficulties. This may be immunologically related, such as HIV patients who 

are more susceptible to fungal infections, mainly by C. albicans, but can also be caused 

by C. tropicalis, C. krusei or C. parapsilosis (Singh; Fatima; Hameed, 2015). 

Furthermore, in immunosuppressive therapy, such as in cancer patients or patients 

with hematological disorders, a risk factor for contracting fungal infections (Pappas et 

al., 2018). 

 

2.7 Environment Decontamination and Hospital Fungal Infections Management 

As it is a concerning topic, the healthcare-associated infections caused by 

Candida species may have a certain influence through the difficult to access a quick 

and assertive diagnosis. The management occurs according to each hospital or region 

to insert a primary empirical approach to treatment due to the lack of timely access to 

fungal diagnosis (Santolaya et al., 2018). 

A study presented findings from a nationwide survey conducted among 

thirteen of the largest pediatric units in the United Kingdom and discussed the 

predominance of empirical treatment approaches among the surveyed centers, 

influenced by a lack of pediatric studies supporting pre-emptive strategies. Out of the 

responding hospitals, the majority reported having their own local guidelines for 

managing invasive fungal diseases (IFD), reflecting a strong reliance on institution-

specific protocols. Among the centers that utilized established international guidelines 

some referenced the IDSA 2016 Practice Guidelines for the Diagnosis and 

Management of Aspergillosis, as well as the IDSA 2016 Practice Guideline for the 

Diagnosis and Management of Candidiasis, others reported following the ESCMID 
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Guideline for the Diagnosis and Management of Candida Diseases Guideline for the 

Use of Antimicrobial Agents in Neutropenic Patients with Cancer. This diverse adoption 

of guidelines highlights variations in clinical practice and the integration of both local 

and international standards in managing IFD across different institutions (Ferreras-

antolín; Sharland; Warris, 2019). 

During the COVID-19 pandemic, there has been a significant rise in interest 

in comparing microbial contamination of surfaces, both in community settings 

(Caggiano et al., 2021) and healthcare environments (Zhou et al., 2023). In healthcare, 

rooms previously occupied by patients with multidrug-resistant organisms pose a 

considerable risk of transmission to subsequent patients if not properly disinfected 

(Boyce, 2021). Effective surface cleaning and disinfection, particularly during patient 

discharge, are critical components of a robust infection prevention program. It is 

imperative to not only use disinfectants appropriately but also ensure they are effective 

biocides with a broad spectrum of activity against microorganisms to minimize the risk 

of infections caused by healthcare-associated pathogens (Weber; Anderson; Rutala, 

2013). 

 

2.7.1 Quaternary ammonium compounds 

Quaternary ammonium compounds, such as alkyl dimethyl benzyl ammonium 

chlorides and dialkyl dimethyl ammonium chlorides, are widely used disinfectants. 

They are characterized by their bactericidal, fungicidal, and virucidal properties, 

although their virucidal action is limited to lipophilic or enveloped viruses, and they are 

not effective against non-enveloped viruses or Mycobacterium tuberculosis. These 

compounds are low in corrosiveness and toxicity, making them suitable for use on fixed 

surfaces, including environments like nutrition and neonatology areas, provided 

neonates are not present. Their mechanism of action involves the inactivation of 

energy-producing enzymes, denaturation of proteins and acid nucleic, and disruption 

of the cell membrane. However, they can be inactivated in the presence of organic 

matter. The concentration of these compounds varies depending on the manufacturer's 

formulation (Brasil, 2010). 
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2.7.2 Inorganic chlorite active compounds 

Active chlorine-releasing compounds, particularly sodium, calcium, and lithium 

hypochlorite's, are commonly used disinfectants. These compounds exhibit 

bactericidal, virucidal, fungicidal, tuberculocidal, and sporicidal properties, depending 

on their concentration. Available in liquid or powder form, they offer a broad spectrum 

of activity, rapid action, and low cost, making them effective for the disinfection of fixed 

surfaces. While the exact mechanism of action remains unclear, these compounds are 

highly effective within their use parameters. However, they have several 

disadvantages, including instability when exposed to sunlight, temperatures above 

25ºC, or acidic pH levels. They are also inactivated by organic matter, corrosive to 

metals, have an unpleasant odor, and its volatility may cause irritation to the eyes and 

mucous membranes, and it is high reactivity can lead to corrosion of medical 

equipment and delicate surfaces. Recommended concentrations for disinfection range 

from 0.02% to 1.0% (Brasil, 2010). 

2.7.3 Hydrogen peroxide 

 Published reports ascribe good germicidal activity to hydrogen peroxide and 

attest to its bactericidal, virucidal, sporicidal, and fungicidal properties (Cdc, 2024). 

Hydrogen peroxide works by producing destructive hydroxyl free radicals that can 

attack membrane lipids, DNA, and other essential cell components. Catalase, 

produced by aerobic organisms and facultative anaerobes that possess cytochrome 

systems, can protect cells from metabolically produced hydrogen peroxide by 

degrading hydrogen peroxide to water and oxygen, but this defense can be 

overwhelmed by the concentrations used for disinfection (Rutala; Gergen; Weber, 

1993; Cdc, 2024). 

Commercially available 3% hydrogen peroxide is a reliable and stable 

disinfectant for inanimate surfaces. It is commonly used at concentrations ranging from 

3% to 6% for disinfecting items such as soft contact lenses (e.g., 3% for 2–3 hours), 

tonometer biprisms, ventilators, fabrics, and endoscopes. It has also proven effective 

in spot-disinfecting fabrics in patient rooms. However, improper rinsing of hydrogen 

peroxide-soaked medical devices, such as tonometer tips, has been associated with 

corneal damage. Hydrogen peroxide has also been tested as a disinfectant for urinary 

drainage bags to address bladder bacteriuria and environmental contamination. While 
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it effectively reduced microbial contamination within the bags, this procedure did not 

lead to a decrease in the incidence of catheter-associated bacteriuria, highlighting its 

limitations in such applications (Cdc, 2024).
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3. OBJECTIVE 

3.1 General objective 

To determine the antifungal susceptibility profile through physiological and 

molecular tests, evaluate efflux pump activity, and assess biocide tolerance in Candida 

spp. isolated by the microbiology service of the Côrtes Villela Laboratory, located in a 

tertiary hospital in the city of Juiz de Fora, Minas Gerais. 

3.2 Specific objectives 

● To analyze the results of the antifungal susceptibility profile of Candida spp. 

isolated from community and hospital individuals during the year 2021 and 

clinical and microbiological data;  

● To evaluate efflux pump activity in clinical isolates of Candida spp.; 

● To evaluate the presence of antifungal resistance genes ERG11, MDR1, ERG2, 

CDR1, CDR2 and FKS1 among clinical isolates; 

● To determine the biocide tolerance profile of Candida spp. Isolates; 
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4. METHODOLOGY 

4.1 Study design 

This is an observational and experimental study that gathers retrospective and 

prospective experimental data on clinical isolates of Candida spp. arranged in a 

collection, to elucidate the antifungal and biocide sensitivity profile of the strains 

obtained in 2021, from community individuals and individuals admitted to a tertiary 

hospital in Juiz de Fora, Minas Gerais. 

The hospital in question has approximately 120 beds, covering units such as 

intensive care for adults and neonates, coronary care unit, neurological unit, wards, 

surgical center and outpatient care. In addition, it offers specialized clinics and 

diagnostic services exclusively for the private network. 

The retrospective study involved the evaluation of clinical and microbiological 

data, such as the determination of clinical specimen, hospitalization unit or if it was of 

community origin, and clinical outcome of the participants, obtained directly from 

electronic medical records. The prospective study involves experimental data from the 

same collection of clinical isolates. 

This study was conducted after consultation and consent of the participants, 

according to a project approved by the Ethics Committee for Research Involving 

Human Beings of the Federal University of Juiz de Fora, under number 3.783.237, 

CAAE 18611019.6.0000.5147. 

4.2 Assessment of the integrity of the isolates 

The collection samples were kept in sterile isotonic saline solution with 0.9% 

NaCl (sodium chloride) (SANOBIOL, BRASIL) in 15 ml glass test tubes with screw 

caps and a sample identification label. There was a total of 102 samples. The clinical 

isolates of Candida spp. from the collection underwent a cultivation process in 

Sabouraud Agar plates (NEOGEN, BRASIL), with incubation for at least 48 hours at 

36ºC. Morphological aspects were observed, and the Gram staining method was 

performed to assess the growth, viability and integrity of the isolates. 

4.3 Antifungal susceptibility testing 

The isolates of the genus were evaluated for their antimicrobial susceptibility 

profile, according to the current CLSI (Clinical and Laboratory Standard Institute) 



34 
 

(2017) guidelines, using the disk diffusion method, applied through commercial disks 

of fluconazole 25 μg, voriconazole 1 μg, caspofungin 5 μg and amphotericin B 20 μg 

(Liofilchem Diagnostics, Italy) in Agar Sabouraud plates (NEOGEN, BRASIL). The 

interpretation of the yeast inhibition zones was performed according to the reference 

described in document M44 (Clsi, 2017) and the manufacturer's Liofilchem criteria. 

4.4 Identification of resistance genes 

The genomic DNA of the yeasts was extracted by the phenol-chloroform 

digestion and purification method, according to the study by Rodrigues et al. (2013) 

with some modifications and subsequently stored in a freezer at -80ºC. Quantification 

(Nanodrop) and DNA integrity gel were performed, standardizing dsDNA to 50 g/l. The 

genes ERG11 (fwd5'-CCA.AGG.CTA.GTG.CTG.TTT.CT-3';rev5'-

TGT.GTC.TAC.CAC.CAC.CGA.AT-3') (Fernandes; Silva; Henriques, 2016), CDR1 

(fwd 5'-CCA.GAG.GTT.TGG.ATT.CCG.CT-3'; rev5'-

TGG.CTT.TGT.CTG.CTT.TCC.CA-3') (Jin et al., 2018), CDR2 (fwd5'-

GCT.TAG.ATG.CCG.CCA.CTG-3'; rev5'-AGC.CCA.TTC.TGA.TGA.AAT.ACT.C-3') 

(Shao et al., 2016), MDR1 (fwd 5'-GGGTGCATCATTCCAGCCTA-3'; rev5'-

GGGATGGCAATCATCACGAG-3') (Jin et al., 2018)], ERG2 (fwd 5'-

ATGAAGTTCTTTATCAA T-3'; rev5'-TTAGAACTTTTGGTTTTG-3') (Hull; Bader; 

Parker, 2012), and FKS1 (fwd 5'-GAAATCGGCATATGCTGTGTC-3'; rev5'-

AATGAACGACCAATGGAGAAG-3') (Baixench et al., 2007) were investigated by 

PCR. The reaction was performed using 1µl at 5 µM/l of each primer in addition to 

12.5µl of Master mix G2 Green (PROMEGA, USA) and 9.5µl of sterile water, for 1µl of 

DNA. The reaction parameters were established for each gene as described by their 

respective authors with modifications. The generated amplicons were subjected to 

electrophoresis using a 1.5% agarose gel (LGCbiotecnologia, Brazil) with ethidium 

bromide (EtBr) (AMRESCO, USA), followed by separation at 90V for 40 minutes. The 

gel was visualized by UV light using a transilluminator to identify the DNA bands. 

Subsequently, 10% of the positive isolates for each gene were selected for Sanger 

sequencing to confirm the genes investigated. 

4.5 Evaluation of efflux pump activity 

The expression of efflux pumps was evaluated using Ethidium Bromide (EtBr) 

(AMRESCO, USA) according to the Cartwheel method, with modifications (Martins et 
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al., 2011). The method consisted of culture on Mueller-Hinton Agar (Kasvi/Brazil) at 

concentrations of 0.5 µg/mL, 1.0 µg/mL, 1.5 µg/mL, 2.0 µg/mL and 2.5 µg/mL of EtBr 

and plates without EtBr used as control for microbial growth. Solutions equivalent to a 

turbidity of 0.5 on the McFarland scale were prepared for each isolate and ATCC 

strains, which were inoculated with the aid of a Steers replicator. Duplicates were made 

for each concentration level and control. The plates were incubated for 24h at 35 °C, 

protected from light. After incubation, the plates were read under ultraviolet light, and 

the presence of fluorescence emitted by the samples was a negative indication of efflux 

pump action. 

The index for the minimum concentration of EtBr (MCEtBr) that produces 

fluorescence of the isolates (MDR) compared to each respective reference strain 

species (C. albicans ATCC14053, C. parapsilosis ATCC22019, C. tropicalis 

ATCC66029, and C. glabrata ATCC2001) was calculated using the following formula: 

Index=[MCEtBr(MDR)-MCEtBr(REF)]/MCEtBr(REF) (Martins et al., 2011). 

4.6 Assessment of biocide tolerance 

An adaptation of the disk diffusion technique (DDT) described by CLSI (2017) 

was performed to assess tolerance to biocides routinely used in the hospital where the 

isolates originated. From suspensions of isolates on a McFarland turbidity scale of 0.5, 

the isolates were inoculated uniformly with the aid of a swab in Mueller-Hinton agar 

culture medium (Kasvi/Brazil), to which filter paper discs soaked in 5μL of 1%, 1.5%, 

2% sodium hypochlorite solution (Start/Brazil), 4.25% diluted hydrogen peroxide 

(Rioquímica/Brazil) and 5% benzalkonium chloride (Santos/Brazil) were added. The 

plates were incubated at 35ºC, and readings of the diameter of the inhibition zones 

were taken after 24 hours and 48 hours of incubation. 

The biocides used were of commercial quality, stored under regular conditions 

and used within validity periods. All tests were performed in duplicate for all 100 clinical 

isolates and reference strains of C. albicans ATCC 14053, C. parapsilosis ATCC 

22019, C. tropicalis ATCC 66029 and N. glabratus ATCC 2001 were used as 

experimental controls. 

4.7 Statistical Analysis 

For the statistical analysis of the data obtained by the biocide test, Student's t-

test (p-value 0.05) for the mean halo diameters comparing the reference strain and 
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isolates in separate groups of C. albicans and NCAC. ANOVA two-way testing (p-value 

0.05) was used to associate the results of the minimum inhibitory concentration of EtBr 

(MICEtBr) for positivity of the efflux pump testing and resistance genes described to 

overexpression of efflux pump. 
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5. RESULTS 

5.1 Clinical and microbiolobigal data 

In the distribution of species, 59 (59%) C. albicans out of 100 isolates were 

found, and 41 were NCAC (41%), of which 25 were C. tropicalis, 12 were C. 

parapsilosis, 2 were N. glabratus, and one each of M. guilliermondii and P. kudriavzevii. 

Sixty-three individuals in this study were hospitalized. Among the clinical specimens of 

C. albicans, 39 were from hospitalized individuals and 20 from community residents, 

representing 66.1% of hospitalizations for the species. Within the NCAC group, 22 

clinical specimens were of hospital origin and 19 from community residents, 

representing 53.7% of hospitalizations in the group. The median duration of hospital 

stay was 39.5 days (range: 6–202) for C. albicans infections, compared with 31.5 days 

(range: 7–162) for infections caused by NCAC species. Invasive medical device use 

was recorded in 60 patients with C. albicans and 29 with NCAC species. The study 

also reported 28 in-hospital deaths associated with C. albicans infections and 16 

deaths related to non-albicans. 

5.1. Antifungal susceptibility testing 

Antifungal susceptibility testing was performed on a total of 100 clinical 

isolates of Candida spp. Of these, (n=87/87%) showed resistance to at least one 

antifungal tested, representing a high percentage of microorganisms. The highest 

resistance rate to antifungals exhibited by the evaluated strains was observed for 

Fluconazole (n=70), followed by Voriconazole (n=68), Itraconazole (n=47), 

Caspofungin (n=20), and the highest susceptibility was for amphotericin B 

(n=1).Regarding the antifungal classes tested, (n=15/15%) of the yeasts were resistant 

to one antifungal agent, with the vast majority being resistant to caspofungin (n=12). 

Resistance of the yeasts to two classes of antifungals was observed in (n=21/21%), 

with some isolates exhibiting combined resistance to azoles and echinocandins (Table 

2). Only one yeast of C. tropicalis showed resistance to the azole class and 

amphotericin B, which was the antifungal that showed the greatest efficacy. One isolate 

of C. albicans showed resistance to four antifungal agents that combined azole and 

echinocandin classes. 
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A total of 59 C. albicans (n=47/79.7%) were resistant to fluconazole and 

voriconazole. While the non-albicans Candida spp. group (n=27/65.9%) was also 

resistant to fluconazole and voriconazole (Figure 6). 

Figure 6. Antifungal susceptibility profile of Candida spp. isolates (n=100). 

 

 

 

ITR- Itraconazole; FLU- Fluconazole; VOR- Voriconazole; CAS- Caspofungin; ANB-

Amphotericin b. 

5.2. Detection of antifungal resistance genes 

The ERG11 gene was identified in 17 isolates of C. albicans, 14 C. 

tropicalis, 5 C. parapsilosis and 2 N. glabratus, being the most frequent gene, 

representing 28.8% and 51.2% of the C. albicans and NCAC groups, respectively. The 

CDR2 gene was the second most frequent: C. albicans (n=11), C. tropicalis (n=4), C. 

parapsilosis (n=1) and N. glabratus (n=1), present in 18.6% and 14.6% of the C. 

albicans and NCAC groups, respectively. The ERG2 and FKS1 genes were not found 

in any of the isolates in this study (Table 2). 

 

Table 2. Phenotypic and genotypic antifungal resistance profile of clinical Candida spp. isolates 

(n=87). 
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Legend: ITR- Itraconazole; VOR-Voriconazole; FLU- FLuconazole; CAS- Caspofungin; ANB- 

Amphotericin B. *Clinical specimen of community origin 

 

ERG11 (n=64) was the most frequent gene found associated with 

phenotypic isolates resistant to azole derivatives, such as MDR1 (n=16), CDR1 (n=22) 

and CDR2 (n=41). FKS1 or ERG2 were not identified, however, ERG11 (n=8), MDR1 

(n=1), CDR1 (n=4) and CDR2 (n=3) were found to be associated with caspofungin-

resistant isolates, and both ERG11 and CDR2 were associated with the amphotericin 

B-resistant isolate (n=1) that also presented resistance to azole derivatives in a 

community patient. The mortality rate was observed in 100% of cases for C. albicans 

with multiple resistance, while species such as N. glabratus and P. kudriavzevii also 

Phenotypic  

Antifungal resistance 

profile 

Genotypic Antifungal 

Resistance Profile  

Species (n) Clinical outcome 

Death 

ITR/FLU/VOR/CAS 

(n=1) 

ERG11;CDR1 C. albicans (n=1) n=1 (100%)  

ITR/FLU/VOR (n=41) ERG11;CDR1 

ERG11;MDR1 

ERG11 

MDR1 

CDR1;CDR2 

CDR2 

None 

 C. tropicalis (n=1) 

C. tropicalis (n=2) 

C. albicans (n=2); C. tropicalis (n=4) 

C. tropicalis (n=2) 

C. albicans (n=1); C. tropicalis (n=1) 

C. albicans (n=7); C. tropicalis (n=1) 

C. albicans (n=17); C. tropicalis (n=3) 

n=18 (43.%) 

ITR/CAS (n=3) CDR2 

ERG11 

None 

C. tropicalis (n=1) 

C. parapsilosis (n=1) 

C. parapsilosis (n=1) 

n=1 (33.33%) 

FLU/VOR/CAS (n=3) ERG11;CDR1;MDR1 

ERG11;CDR1 

None 

C. tropicalis (n=1) 

C. tropicalis (n=1) 

C. albicans (n=1) 

n=1 (33.33%) 

FLU/VOR (n=22) ERG11 

None 

C. albicans (n=10); N. glabratus (n=1); C. tropicalis (n=1) 

C. albicans (n=8); M. guilliermondii (n=1); C. tropicalis 

(n=1) 

n=10 (45.45%) 

FLU/VOR/ANB (n=1) ERG11;CDR2 C. tropicalis (n=1) * 

FLU (n=1) ERG11;CDR2 N. glabratus (n=1) n=1 (100%) 

FLU/CAS (n=1) None P. kudriavzevii (n=1) n=1 (100%) 

CAS (n=12) ERG11 

CDR1;CDR2 

CDR2 

None 

C. parapsilosis (n=4) 

C. albicans (n=1) 

C. parapsilosis (n=1) 

C. parapsilosis (n=4); C. albicans (n=1); C. tropicalis 

(n=1) 

n=2 (16.67%) 

ITR (n=2) ERG11;MDR1 

ERG11 

C. tropicalis (n=1) 

C. tropicalis (n=1) 

n=2 (100%) 
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presented isolated resistance with 100% mortality. Furthermore, in some resistant 

isolates, no mutations were detected in the genes evaluated (Figure 7). 

 

Figure 7. Heat map the pattern of distribution of resistance genes according to the antifungal 

susceptibility testing (AFST) results of the resistant isolates. 

 
Legend: ITR- Itraconazole; FLU- Fluconazole; VOR- Voriconazole; CAS- Caspofungin; ANB-

Amphotericin b; AFST- Antifungal susceptibility testing. 

 

The ERG11, was highly identified in resistant strains, particularly with VOR 

and FLU, such as CDR2 and CDR1, which were also more found associated with these 

antifungal agents (Figure 8). 

Figure 8. Comparison of molecular marker findings in Resistant vs. Susceptible strains across 

different antifungal agents. 

 

 

Legend: (A) Distribution of the number of positive genes for molecular markers (ERG11, 

MDR1, CDR1, CDR2, ERG2 and FKS1) in resistant strains treated with various antifungal 

agents (ITR: Itraconazole, FLU: Fluconazole, VOR: Voriconazole, CAS: Caspofungin, ANB: 

Amphotericin b). (B) Distribution of the number of positive genes for molecular markers in 
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susceptible strains under the same conditions. Each marker is represented by its respective 

symbols. 

 

5.3. Efflux pump activity assessment 

The ability of clinical isolates to efflux EtBr was classified in relation to their 

reference strains by calculating their index for efflux activity (Table 3). The results 

showed that in the C. albicans group, the majority (n=10) followed the expected 

MCEtBr (0.5 µg/l) of the ATCC, however, 14 isolates presented a MCEtBr higher than 

the reference, such as 1.0 µg/l (n=10) and 1.5 µg/l (n=4), with an index range of 1 to 

2, respectively. 

Table 3. Expression of efflux pump activity among clinical isolates of Candida spp. 

aThe index (defined in the Materials and Methods section) provided the range of efflux 

activity that can be obtained for each strain in comparison with the reference strain.  

 

In the NCAC group, a MCEtBr of 0.5 µg/l was observed in all ATCC isolates, 

and most isolates also presented the same MCEtBr as their respective reference 

species. With a change of 6 isolates of C. tropicalis, 3 of C. parapsilosis and 1 each of 

Species Isolates MCEtBr (𝜇𝑔/𝜇𝑙) Indexa 

Candida albicans ATCC 14053 0.5  

 Clinical isolates (n=45) 0.5 0 

 Clinical isolates (n=10) 1.0 1 

 Clinical isolates (n=4) 1.5 2 

non-albicans Candida 

spp. 

Candida tropicalis ATCC 66029  0.5  

 Clinical isolates C. tropicalis (n=19) 0.5 0 

 Clinical isolates C. tropicalis (n=6) 1.0 1 

 Candida parapsilosis ATCC 22019  0.5  

 Clinical isolates C. parapsilosis (n=9) 0.5 0 

 Clinical isolates C. parapsilosis (n=3) 1.0 1 

 Nakaseomyces glabratus (syn. Candida glabrata) ATCC 2001 0.5  

 Clinical isolates N. glabratus (syn. C. glabrata) 

(n=2) 

0.5 0 

 Clinical isolates M. guilliermondii (syn. C. guilliermondii) (n=1) 1.0 1 

 Clinical isolates P. kudriavzevii (syn. C. krusei) (n=1) 1.0 1 
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M. guilliermondii (syn. C. guilliermondii) and P. kudriavzevii (syn. C. krusei), as all 

presented a MCEtBr greater than the reference of 1.0 µg/l, with an index of 1. 

An analysis between the efflux pump results and the molecular markers for 

efflux pump overexpression showed a higher frequence of these molecular markers at 

the smaller MICEtBr for efflux pump positivity. As in the isolates with MICEtBr 0.5 for 

positivity of efflux pump activity, n=16 presented CDR2, n=7 CDR1 and n=6 for MDR1, 

with a statistical difference (0.0537) between the number of sensitive genes compared 

to the different concentrations of EtBr (Table 4). 

Table 4. Comparison between genotypic and phenotypic profiles associated with efflux pump 

overexpression in Candida spp. strains. 

Molecular marker’s MICEtBr 0.5 (n=79) MICEtBr 1.0 (n=21) MICEtBr 1.5 (n=4) p-value 

MDR1 (n=8) 6 2 0 Row factor 0.5533 

CDR1 (n=9) 7 1 1 Column factor 0.0537 

CDR2 (n=17) 16 0 1  

MICEtBr -minimum inhibitory concentration of ethidium bromide for positivity of efflux pump. 
 

5.4. Assessment of biocides tolerance 

The biocide tolerance determination test using the disk diffusion method 

revealed that the most effective compound was sodium hypochlorite, especially at 2% 

when compared to hydrogen peroxide at 4.25% (diluted 1:16) and benzalkonium 

chloride 5% (Table 5). 

 

Table 5.  Biocide tolerance pattern on the clinical isolates of Candida spp (n=100). 
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A significant difference was observed between the clinical isolates and the 

reference strain for each group. Clinical isolates had a significantly smaller meaning 

halo diameter than the reference strain, indicating greater tolerance to the compounds 

than the ATCC sample (Table 4). 

C. albicans ATCC strains exhibited larger zones of inhibition compared to 

clinical isolates of C. albicans and NCAC species. Sodium hypochlorite demonstrated 

the greatest antifungal activity, with zones of inhibition increasing in size as 

concentration increased (1%, 1.5%, 2%), particularly in C. albicans ATCC strains. In 

contrast, hydrogen peroxide (4.25%; 1:16 dilution) and benzalkonium chloride (5%) 

showed no measurable zones of inhibition, indicating resistance in all groups tested 

(Figure 9). 

Figure 9.  Dispersion of inhibition halos (mm) exhibited by Candida spp isolates against the 

biocides sodium hypochlorite at 1%, 1.5%, and 2%, hydrogen peroxide at 4.25% (1:16), and 

benzalkonium chloride at 5%. 

 

 

 

 

 

Isolates 

Sodium 

hypochlorit

e 1% 

Sodium 

hypochlorite 

1.5%  

Sodium 

hypochlorite 

2% 

Hydrogen 

peroxide 4.25% 

(1:16)  

Benzalkonium 

chloride 5%  

 

 

 

 

p-value 

 Mean±standard deviation 

Inhibition halo diameter (mm) 

Candida albicans ATCC 

14053 
22.00±2.00 29.50±5.50 34. 0±4.00 6.00±0.00 6.00±0.00 0.041 

Clinical isolates 

Candida albicans 
12.40±2.74 15.06±3.61 18.25±4.40 6.00±0.00 6.00±0.00  

non-albicans Candida 

spp. ATCC’S (reference 

lineages) 

18.33±1.53 23.33±4.62 28.33±5.77 6.00±0.00 6.00±0.00 0.037 

Clinical isolates non-

albicans Candida spp.  
11.73±1.88 14.38±3.12 17.66±3.73 6.00±0.00 6.00±0.00  
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6. DISCUSSION 

Some species have inherent resistance to specific genetically linked 

antifungals. For example, the intrinsic resistance of P. kudriavzevii (syn. C. krusei) to 

fluconazole, due to the low affinity of the drug to the target enzyme, lanosterol 14-α-

demethylase (encoded by the ERG11 gene), in addition to the activity of the efflux 

pump (Jamiu et al., 2021). Other fungi can also select resistant strains through 

exposure to antifungal agents, which can be genetic or epigenetic. This acquired 

resistance can occur through several stress factors, such as the patient's underlying 

condition(s), reduced drug bioavailability, increased drug metabolism, and impaired 

immune function, leading to alterations in the fungal genome (Jamiu et al., 2021; 

Macedo; Dias, 2024).  

AFST plays a crucial role in assertive therapeutic decisions and in improving 

patient outcomes. Jeon S et al. (2021) validated the DDT method (CLSI M44-ED1 or 

ED2) against the BMD reference method, reporting high categorical agreement 

(96.3%), confirming the reliability of DDT in clinical settings. This allows for faster 

antifungal susceptibility profiling, cost-effective alternative when compared to the broth 

microdilution (BMD) allowing clinicians to choose the best antifungal treatment and 

improving patient prognosis (Castanheira et al., 2014; Berkow; Lockhart; Ostrosky-

zeichner, 2020). 
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The analysis revealed a worrying level of antifungal resistance among 100 

yeast isolates, with a significant resistant frequency of 87%. Among C. albicans 

isolates, 79.7% were resistant to fluconazole and voriconazole. Similarly, the non-

albicans group also showed a high rate of resistance (65.9%) to the same antifungal 

agents. These findings show higher rates of phenotypic antifungal resistance 

compared to other studies (Castanheira et al., 2016; Bilal et al., 2022; Hernández-

pabón et al., 2024). 

A review by the SENTRY Antifungal Surveillance Program analyzed 1,846 

fungal isolates from 31 countries and reported echinocandin resistance in Candida spp. 

ranging from 0.0% to 2.8%. Fluconazole resistance was observed in 11.9% of C. 

glabrata and 11.6% of C. tropicalis (Castanheira et al., 2016). Similarly, a study from 

mainland China (2011–2021) evaluating 44,716 Candida spp. isolates showed higher 

susceptibility to fluconazole in C. albicans (91.6%), compared to C. tropicalis (77.95%) 

and C. glabrata (79.4%). However, C. parapsilosis had the highest susceptibility 

(93.25%). Amphotericin B and anidulafungin were the most effective antifungals (Bilal 

et al., 2022). 

In South America, a study conducted in a fourth-level hospital in Colombia 

highlighted 13.8% fluconazole resistance in C. parapsilosis and 5.9% dual resistance 

to fluconazole and voriconazole in C. tropicalis. Among 18 C. glabrata isolates, 5.5% 

were resistant to caspofungin and 11.1% were resistant to fluconazole, with another 

5.5% showing dose-dependent susceptibility (DDS) to fluconazole (Hernández-pabón 

et al., 2024). 

Although the most resistant strains in this study were C. albicans, the 

findings of antifungal resistance among NCAC species (n =37) represented 91.9% of 

the population. This is corroborated by findings in the literature and highlights the 

importance of the emergence and influence of non-albicans spp. in the clinical setting 

(Castanheira et al., 2016; Bilal et al., 2022; Hernández-pabón et al., 2024). 

A synergy between this study and literature data is the predominance of 

resistance to azole derivatives, considered first-line drugs (Castanheira et al., 2016; 

Bilal et al., 2022; Hernández-pabón et al., 2024). Itraconazole is effective against 

several fungal pathogens, particularly those that cause systemic infections. The good 

bioavailability of fluconazole is often preferred for its safety profile and efficacy against 

Candida species. Voriconazole has a broader spectrum of activity among them, 

making it suitable for treating several fungal infections (Kriegl et al., 2024). This should 
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emphasize the need for continued research for associated or alternative treatments 

and other strategies to prevent acquired resistance to these drugs.  

One strategy that can help us advance against antifungal resistance is to 

understand the genetic mutations involved in acquired resistance. In the literature, 

mutations in the ergosterol biosynthesis pathway (e.g., ERG11) and overexpression of 

efflux pumps, through transporter genes such as CDR1, CDR2, and MDR1, promoting 

azole resistance, are described as molecular mechanisms associated with antifungal 

resistance. Mutations in cell wall biosynthesis genes (FKS1, FKS2, and PDR1) also 

confer resistance to echinocandins (Czajka et al., 2023). Azole resistance was 

associated with mutations in genes such as ERG11, PDR1, and MRR1, while 

mutations in FKS1 and FKS2 contributed to echinocandin resistance in C. auris and C. 

glabrata (Bilal et al., 2022). Our results revealed that resistance to multiple antifungals 

(ITR/FLU/VOR/CAS) was associated with genetic mutations in ERG11, CDR1 or 

CDR2, with C. tropicalis showing the highest frequency of these alterations. 

Furthermore, the frequency of resistance findings in C. tropicalis indicates that this 

species may be an important target for epidemiological surveillance and control 

strategies. 

In addition, the mortality rate was high, with 100% in cases of 

ITR/FLU/VOR/CAS-resistant C. albicans and species such as C. tropicalis, N. 

glabratus and P. kudriavzevii. The high mortality associated with the resistance to 

multiple antifungals highlights the need for specific therapeutic approaches, especially 

in cases involving genetic mutations in pathways such as ERG11 and efflux pumps 

(CDR1, CDR2 and MDR1). One study identified non-synonymous mutations in the 

ERG11 gene as a predominant mechanism of azole resistance, followed by 

overexpression of CDR1 and CDR2 to be associated with further azole resistance. It 

also highlighted cross-resistance with other azole derivatives, indicating that treatment 

options may be limited for patients infected with resistant strains (Paul et al., 2022). 

In addition, our study showed 100% of N. glabratus and P. kudriavzevii 

phenotypically resistant to fluconazole, which has previously been described for N. 

glabratus, P. kudriavzevii and C. auris being resistant to fluconazole, highlighting the 

need for personalized treatment strategies based on species identification (Czajka et 

al., 2023). 

Some isolates, although resistant to antifungals, did not present the genes 

evaluated, suggesting the existence of other resistance mechanisms and the need for 
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additional studies to identify new resistance mechanisms. A known phenomenon is 

heteroresistance, that refers to the variability in the response to a drug within a clonal 

cell population. Strains with heteroresistance cannot be detected with conventional 

susceptibility tests. Heteroresistance to fluconazole is a graded phenotype associated 

with upregulation of the ABC transporter and drug efflux, which may reflect cellular 

and/or epigenetic adaptation (Ben-ami et al., 2016). Standard antimicrobial 

susceptibility tests often fail to detect heteroresistance. This undetected resistance can 

result in treatment failures, as the susceptibility cells are killed off while the resistant 

ones persist and proliferate (Zhai et al., 2024). Further studies are crucial to unravel 

the mechanisms and clinical impact of heteroresistance, particularly in Candida 

species (Gautier et al., 2024)  

 Alarmingly, a C. tropicalis isolate showed resistance to four antifungal 

agents, combining azoles, echinocandins and amphotericin B in a community patient, 

associated with mutations in ERG11 and CDR2. Although molecular markers of 

amphotericin B have been described for N. glabratus associated with mutations in 

ERG2, which leads to an alternative pathway of ergosterol biosynthesis, the presence 

of ERG2 gene in this isolate wasn’t found (Hull; Bader; Parker, 2012). Additionally, C. 

tropicalis has been described as presenting biofilm formation that leads to phenotypic 

resistance to this antifungal agent (Al-fattani; Douglas, 2006b). According to these 

results, phenotypic resistance to amphotericin B could be involved with other 

resistance mechanisms that were not explored in this study and that could be 

elucidated with more in-depth genomic analyses, or even the role of the efflux pump 

and its ability to export and neutralize the action of this antifungal agent. 

Regarding efflux pumps, the calculated index provided an average 

classification of each isolate in relation to its reference species (Martins et al., 2011). 

From the calculated index, we were able to observe a total of 21 isolates that presented 

an index equal to 1 and 4 isolates of C. albicans within an index of 2. In the study by 

Salama et al. (2024), they investigated the efflux pump activity in Klebsiella 

pneumoniae evaluating using the Cartwheel method with variable concentrations of 

ethidium bromide (EtBr). An index range of 0.5 to 1.5 (n = 7) was found, with efflux 

pump genes overexpressed in strains classified in index 1.5 also linked to higher 

minimum inhibitory concentration (MIC) of antibiotics. This suggests that when isolates 

have higher efflux activity than the reference strain, they may be more efficient in 

expelling substrates, which may contribute to greater resistance to certain antifungal 
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agents and more tolerance to biocidal compounds. However, efflux activity can be 

influenced by several factors, including the presence of efflux pump inhibitors, 

environmental conditions, and genetic variations among strains. It is important to 

consider these factors when interpreting the index (Kalvass; Pollack, 2007). 

A study evaluated the phenotypic expression of the efflux pump, using the 

method of Castelo-Branco et al. (2013), with promethazine and haloperidol, which 

resulted in the reversion of resistance to itraconazole and fluconazole in all Candida 

spp. isolates tested. These compounds act to inhibit efflux pump activity, resulting in 

the reversion of azole resistance, suggesting that azole resistance among Candida 

spp. is related to the increased activity of these pumps (Brilhante et al., 2016).  

The results of the efflux pump and molecular markers for efflux pump 

overexpression showed a significantly higher frequency of these molecular markers at 

the minimum inhibitory concentration of ethidium bromide (MICEtBr) for efflux pump 

positivity. Studies have already described how overexpression of these genes can 

ensure resistance to antifungals. It was described that homozygous alleles (A/A) in the 

MDR promoter confer higher levels of CDR2 and MDR1 expression and resistance to 

fluconazole in C. albicans (Castanheira et al., 2017b). In C. glabrata isolates, 

overexpression in CDR1 and CDR2 gained a functional mutation, which resulted in 

decreased intracellular accumulation of azole derivatives (Cavalheiro et al., 2019). 

However, regarding the validation of the phenotypic expression of this resistance 

mechanism, studies are still needed to elucidate the phenomenon and its clinical 

implications. 

 Our population-based sample highlights the significant burden of Candida 

spp. infections in hospitalized patients. C. albicans was responsible for the majority 

(60%) of infections, with a median hospital stay of 39.5 days, longer than the 31.5 days 

observed for NCAC species. The frequent use of invasive medical devices in both 

groups (60 patients with C. albicans and 29 with NCAC) highlights the association 

between device use and infection risk. Additionally, the mortality rate was higher in C. 

albicans infections (28 deaths) compared to NCAC (16 deaths), reflecting the 

potentially more severe clinical outcomes of C. albicans. 

Hospitalization for Candida spp. infections significantly burdens healthcare 

systems and patients, with prolonged hospital stays averaging more than 30 days and 

high costs associated with antifungal therapies and advanced interventions 
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(Armaganidis et al., 2017). The burden is further exacerbated by multidrug-resistant 

microorganisms (Giraldi et al., 2019).  

Opportunistic fungi such as Candida spp. present unique challenges due to 

their lack of seasonality and demographic preferences, making surveillance and 

prediction more difficult compared to other emerging fungal pathogens (Makled, 2024). 

Early appropriate antifungal therapy based on local epidemiology can reduce mortality 

attributable to candidemia and length of hospital stay (Mencarini et al., 2018). Their 

ability to adapt to diverse environmental and host conditions further complicates 

management and emphasizes the need for robust monitoring and tailored infection 

control strategies in healthcare settings. On the other hand, while the focus is often on 

the challenges posed by opportunistic fungi, advances in genomic testing and 

automated surveillance methods such as Vitek 2® and MALDI-TOF can improve 

outbreak detection and management, potentially mitigating some of these issues 

(Abby, 2023). Effective biocides to prevent transmission of Candida spp. are crucial to 

mitigate some of these consequences. Investing in prevention, including research on 

biocide compatibility and fungal resistance mechanisms, is essential to improve these 

results. 

An alarming finding was the absence of inhibition zones for the compound's 

hydrogen peroxide 4.25% and benzalkonium chloride 5%, both for reference ATCCs 

and clinical isolates. According to the recommendation of the National Health 

Surveillance Agency (Anvisa), they are officially indicated for the decontamination of 

fixed surfaces, including the nutrition and neonatal environments. This shows the 

inadequacy of the use of these compounds for surface decontamination and the 

influence on the 89 individuals in our population who use invasive medical devices. 

The biocide tolerance test showed a statistical difference when comparing 

the means of the inhibition zones for sodium hypochlorite compounds between the 

group of clinical isolates and ATCCs, both among the C. albicans and NCAC species. 

Larger halos were observed among ATCCs, indicating greater susceptibility, while 

clinical isolates showed a smaller halo of inhibition compared to reference strains. 

Significantly, clinical isolates showed greater resistance to biocidal compounds than 

reference ATCCs; however, sodium hypochlorite remains the most effective among 

the compounds studied. The recommended disinfection dose by the Centers for 

Disease Control (CDC) is 5.25%–6.15% sodium hypochlorite, or 52,500–61,500 ppm 

available chlorine, which is almost provided by a 1:1,000 dilution, but studies have 
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confirmed efficacy for Candida in 30 seconds of exposure to 500 ppm chlorine 

(Silverman et al., 1999; Cdc, 2024). 

Moore et al. (2017) used a European standard quantitative suspension test 

method (EN 13624:2013) and showed that 0.1% chlorine was effective in its fungicidal 

action against C. auris and C. albicans, for both clean and dirty conditions when the 

contact time was 5 min. The fungicidal action of chlorine-based benzalkonium chloride 

was also demonstrated for C. glabrata, C. albicans and C. auris, using the disk diffusion 

method (ASTM E-2197-02). However, quaternary ammonium-based disinfectants 

were significantly less effective against Candida species, which corroborates our 

findings (Moore et al., 2017; Cadnum et al., 2017). One study evaluated the 

susceptibility of clinical strains of C. auris to several biocides, including chlorine, 

chlorhexidine and benzalkonium chloride. Resistance has been observed with 

benzalkonium chloride at concentrations of 16–32 mg/L (Erganis et al., 2024). 

In hospital settings, it is impractical to rely on a single biocide to effectively 

eliminate all microorganisms. Variability in microbial tolerance requires monitoring the 

efficacy of biocides used at specific concentrations. For example, in the same hospital, 

a study was conducted by Dias et al. (2017) on Pseudomonas aeruginosa and 

Acinetobacter, clinical isolates found that Carbapenem-resistant strains exhibited 

increased tolerance to 2% sodium hypochlorite and 5% benzalkonium chloride 

compared to susceptible strains. This highlights that biocides effective against one 

pathogen may be less effective against others that share the same hospital 

environment.  

Investing in research to discover compounds with broad-spectrum 

antimicrobial activity is essential to improve infection control strategies in healthcare 

settings. This is particularly vital given the challenge posed by the intrinsic mechanisms 

of the efflux pump in the Candida genus, which may contribute to biocide tolerance, as 

has already been observed in bacterial strains (Matthew; Wand; Darby, 2022; Carmine 

et al., 2018). The ability of efflux pumps to actively expel biocidal compounds from 

fungal cells, reducing their effectiveness and complicating the management of these 

pathogens (Chang et al., 2018).  
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7. CONCLUSION 

In conclusion, this study highlights the significant challenges posed by 

antifungal resistance among Candida species in clinical settings. The findings reveal 

high rates of resistance, particularly to azoles and echinocandins, associated mostly 

with ERG11, CDR2, and CDR1 mutations, emphasizing the critical need for effective 

diagnostic tools and targeted therapeutic strategies. The study also points out the 

relevance of resistance mechanisms such as efflux pumps, which showed higher 

phenotypic activity when comparing clinical isolates with reference lineages. That can 

also impact biocide tolerance in those isolates that showed tolerance for quaternary 

ammonium and hydrogen peroxide compounds, directly impacting the hospital 

environment decontamination. 

The results obtained reinforce the need for continuity in the surveillance of 

susceptibility to antifungals, highlighting the importance of monitoring changes in 

resistance patterns. In addition, they highlight the urgency of investments in research 

aimed at the development of new biocidal agents capable of offering effective 

alternatives in the fight against fungal infections. Finally, the findings emphasize the 

relevance of improving infection prevention strategies, especially in the hospital 

context, to minimize the spread of resistant pathogens. 
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9. APPENDAGE 

9.1 Candida parapsilosis EM UMA UTI NEONATAL: COMO O MANEJO EFICAZ PODE 

PREVENIR A RÁPIDA DISSEMINAÇÃO 
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9.2 Antifungal resistance: why are we losing this battle? 
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9.3 EPIDEMIOLOGIA DE INDIVÍDUOS COM PNEUMONIA ASSOCIADA À VENTILAÇÃO 

MECÂNICA COM E SEM COVID-19
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9.4 Submitted article - Unveiling antifungal resistance and biocide tolerance in clinical 

isolates of Candida spp. 
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9.5 Submitted article- Respiratory Syncytial Virus in Early Childhood: Post COVID-19 

Case Re-emergence 
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