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Resumo

O género Trichosporon inclui leveduras oportunistas amplamente distribuidas no ambiente e
presentes na microbiota de humanos e animais, capazes de causar diferentes tipos de infecgao.
A tricosporonose invasiva ¢ uma doenca emergente que afeta principalmente individuos
imunocomprometidos, com manifestagdes que variam de fungemia a meningite. Dentro desse
género, a resisténcia antifngica tem se tornado cada vez mais comum. No entanto, a
variabilidade entre espécies e a auséncia de métodos padronizados de teste dificultam o
diagnostico e o tratamento eficaz, sobretudo no contexto da Saude Unica. Diante disso, este
estudo investigou a resisténcia antifungica em Trichosporon spp. por meio de uma revisao da
literatura e da analise e padronizacdo metodologica, utilizando uma cole¢do de amostras
isoladas de fontes clinicas, animais e ambientais. Inicialmente, foi realizada uma revisao
bibliografica sobre a resisténcia intrinseca e adquirida em 7richosporon spp., incluindo os
mecanismos envolvidos frente aos principais grupos de antifiingicos clinicos — polienos, azois,
equinocandinas e flucitosina. Os resultados evidenciaram que essas leveduras sdo
intrinsecamente resistentes as equinocandinas e apresentam baixa sensibilidade a anfotericina B
e aos azois, sendo os triazois — especialmente o voriconazol — os farmacos mais eficazes. A
flucitosina, por sua vez, ndo ¢ recomendada para o tratamento da tricosporonose. De forma
geral, a resisténcia estd associada principalmente a mecanismos como bombas de efluxo,
formagao de biofilme e mudangas na constituicdo da parede celular ¢ membrana lipidica. Em
seguida, a metodologia de microdilui¢do em caldo aplicada a Trichosporon spp. foi investigada
e padronizada para anfotericina B e fluconazol. A partir da padroniza¢do metodoldgica, foram
estabelecidas condigdes otimizadas para a determinagdo da concentracdao inibitéria minima
(CIM), utilizadas no estudo experimental deste trabalho. Posteriormente, a susceptibilidade das
33 amostras foi avaliada frente a antifingicos clinicos, desinfetantes e agroquimicos, utilizando
o método previamente padronizado. Com base em ensaios in vitro, doze amostras foram
inicialmente classificadas como resistentes a antifungicos clinicos e possivelmente resistentes
cruzadas a agroquimicos e desinfetantes. Ensaios adicionais, incluindo avaliagdo do
crescimento e da produgdo de biofilme, permitiram refinar essa selecdo, resultando em quatro
amostras com perfis de resisténcia mais evidentes. Essas linhagens foram entdo testadas em
modelo murino de infec¢dao, confirmando a resisténcia in vivo. Animais infectados com as
amostras resistentes e tratados com anfotericina B ou fluconazol apresentaram maior carga
fingica, recupera¢do comprometida, € maior colonizacdo do sistema nervoso central, sugerindo
uma possivel associagdo entre resisténcia, viruléncia e ineficacia do tratamento. De forma geral,
este trabalho elucidou de maneira mais clara a resisténcia e seus mecanismos dentro do género
Trichosporon, destacando a possibilidade do surgimento e da influéncia da resisténcia e da
resisténcia cruzada no contexto de Saude Unica, relacionando também esses achados ao
tratamento ineficaz e ao aumento da viruléncia.

Palavras-chave: Trichosporon spp.; antifingicos clinicos; agroquimicos; desinfetantes;
resisténcia; viruléncia.



Abstract

The Trichosporon genus comprises opportunistic yeasts widely distributed in the environment
and present in the microbiota of humans and animals, capable of causing different types of
infection. Invasive trichosporonosis is an emerging disease that primarily affects
immunocompromised individuals, with clinical manifestations ranging from fungemia to
meningitis. Within this genus, antifungal resistance has become increasingly common.
However, the variability among species and the lack of standardized testing methods hinder
accurate diagnosis and effective treatment, especially within the One Health context. In this
study, antifungal resistance in Trichosporon spp. was investigated through a literature review
combined with methodological analysis and standardization, using a collection of isolates
obtained from clinical, animal, and environmental sources. First, a comprehensive review was
conducted on intrinsic and acquired resistance in Trichosporon spp., including the mechanisms
involved in resistance to major classes of clinical antifungals—polyenes, azoles, echinocandins,
and flucytosine. The findings showed that these yeasts are intrinsically resistant to
echinocandins and display low susceptibility to amphotericin B and azoles, with triazoles—
particularly voriconazole—being the most effective drugs. Flucytosine, in turn, is not
recommended for the treatment of trichosporonosis. Overall, resistance is primarily associated
with mechanisms such as efflux pump activity, biofilm formation, and alterations in the cell
wall and lipid membrane composition. Next, the broth microdilution methodology for
Trichosporon spp. was investigated and standardized for amphotericin B and fluconazole.
Based on this standardization, optimized conditions for determining the minimum inhibitory
concentration (MIC) were established and applied in the experimental component of this study.
Subsequently, susceptibility of the 33 isolates was assessed against clinical antifungals,
disinfectants, and agrochemicals using the standardized method. Based on in vitro assays,
twelve isolates were initially classified as resistant to clinical antifungals and potentially cross-
resistant to agrochemicals and disinfectants. Additional assays, including growth evaluation
and biofilm production, refined this selection, resulting in four isolates with more pronounced
resistance profiles. These selected strains were then tested in a murine infection model,
confirming resistance in vivo. Animals infected with the resistant isolates and treated with
amphotericin B or fluconazole exhibited higher fungal burden, impaired recovery, and
increased colonization of the central nervous system, suggesting a possible association between
resistance, virulence, and treatment failure. Overall, this study provides a clearer understanding
of resistance and its mechanisms within the Trichosporon genus, highlighting the emergence
and impact of resistance and cross-resistance in the One Health context, and linking these
findings with ineffective treatment and enhanced virulence.

Keywords: Trichosporon spp.; clinical antifungals; agrochemicals; disinfectants; resistance;
virulence.
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1. Introduciao e Justificativa

O género Trichosporon compreende fungos ubiquos presentes no ambiente e
associados a animais, incluindo seres humanos, onde integram a microbiota normal da pele,
trato vaginal e gastrointestinal, bem como de aves. Apesar de geralmente comensais, algumas
espécies podem atuar como patdégenos oportunistas, causando infecgdes superficiais ou
invasivas graves, especialmente em individuos imunocomprometidos (MEHTA et al., 2021;
LARA etal., 2021; LO et al., 2021; BOBREK et al., 2021; CHANDER, 2018; COLOMBO et
al., 2011). O potencial patogénico depende de fatores de viruléncia, flexibilidade metaboélica e
capacidade de invasdo tecidual, podendo ocorrer por via exdgena (cateteres) ou endodgena
(translocaco intestinal) (MEHTA et al., 2021; MARINE et al., 2015).

Recentemente, a taxonomia desse género foi revisada, e algumas das espécies usadas
neste trabalho agora pertencem ao género Cutaneotrichosporon (Cutaneotrichosporon jirovecii
e Cutaneotrichosporon mucoides) (TAKASHIMA et al., 2022). Entretanto, neste estudo,
devido a identificagdo realizada por MALDI-TOF no inicio do trabalho e ao seu
reconhecimento na micologia médica, citaremos e discutiremos essas espécies sob a perspectiva
do antigo género Trichosporon.

O teste de susceptibilidade antifiingica normalmente segue o método de microdilui¢do
em caldo do CLSI, embora ainda ndo haja padronizacdo especifica para este género (CLSI,
2017, MEHTA et al., 2021). De modo geral, isolados de 7. asahii apresentam maior
sensibilidade a triazois (voriconazol (VCZ), itraconazol (ITR) e fluconazol (FCZ)) em
comparac¢do aos polienos (anfotericina B (AMB)) e resisténcia intrinseca as equinocandinas
(micafungina (MCF)) (MEHTA et al., 2021; SINGH et al., 2019; COLOMBO et al., 2011).

Nesse contexto, a resisténcia em 7richosporon, assim como em outros geéneros
ubiquos, pode ser influenciada por agentes ambientais, como agroquimicos (tebuconazol
(TEB), carbendazim (CBZ), piraclostrobina (PIR) e mancozeb (MZB)) e desinfetantes (cloreto
de benzalconio (BZK) e cloreto de didecildimetilamonio (DDA)), além de antimicrobianos
clinicos (como os citados acima) utilizados de forma inadequada. Esses compostos atuam em
diferentes alvos celulares e metabdlicos, podendo favorecer e até mesmo induzir o
desenvolvimento de mecanismos de resisténcia (BASTOS et al., 2017/2019/2025; CARNEIRO
et al., 2020).

Dessa forma, no contexto de Satude Unica, que integra saude humana, animal e
ambiental, essa resisténcia aos antifingicos representa uma ameaca crescente, reconhecida por

organizagdes como CDC e OMS (ADISASMITO t al., 2022; WOODS et al., 2023). Por isso, ¢



fundamental aprofundar o conhecimento sobre a resisténcia e seus mecanismos de agdo,
padronizar as metodologias de avaliagdo da susceptibilidade dessas leveduras e monitorar
linhagens de Trichosporon isoladas de pacientes, animais ¢ ambientes, de forma in vitro e in
vivo. Visto que, essa resisténcia intrinseca ou adquirida pode comprometer o tratamento e
favorecer a disseminacdo da tricosporonose invasiva (VELAZQUEZ-MEZA et al., 2022;
MEHTA et al., 2021).

Portanto, essa dissertacao abordarad esses topicos e sera estruturada em formato de
compilagdo de artigos, construida a partir dos trabalhos publicados e dos manuscritos
produzidos ao longo do periodo do mestrado. Inicialmente, serdo apresentados os objetivos
gerais e especificos, que nortearam o desenvolvimento da pesquisa e orientaram as principais
perguntas cientificas do estudo. Em seguida, cada capitulo corresponderé a um artigo cientifico,
organizado de forma a responder progressivamente as questdes propostas nos objetivos. Essa
estrutura permitirda uma abordagem integrada, em que cada artigo representa uma etapa
complementar da investigacdo — desde a revisdo bibliografica até a padronizagcdo da
metodologia central e a realizagdo dos ensaios experimentais — culminando em uma discussao
ampla e consolidada dos resultados a luz da perspectiva da Satde Unica.

No dmbito deste mestrado, realizei a investigacdo mais abrangente ja conduzida no
Brasil sobre o género Trichosporon, integrando amostras de origem humana, animal e
ambiental. Ao longo do trabalho, padronizei e executei testes de susceptibilidade antifingica,
avaliei o potencial de resisténcia e de resisténcia cruzada frente a antiflingicos clinicos,
agroquimicos e desinfetantes, e explorei possiveis mecanismos envolvidos nesses fendtipos.
Esse conjunto de abordagens permitiu elucidar, de maneira inédita, como diferentes pressoes
seletivas podem moldar a resisténcia em Trichosporon, contribuindo para o enfrentamento de

falhas terapéuticas e riscos emergentes no ambito da Saude Unica.



2. Objetivos Geral e Especificos

2.1 Objetivo Geral

e Investigar a resisténcia e seus mecanismos; padronizar e testar a susceptibilidade a
antiflingicos clinicos, agroquimicos e desinfetantes; e avaliar a resisténcia in vitro e in

vivo no género Trichosporon, utilizando uma cole¢ao de amostras de diferentes origens.

2.2 Objetivos Especificos

Realizar uma revisdo bibliografica sobre a resisténcia e 0os mecanismos de resisténcia no
género Trichosporon,;

Coletar, isolar e identificar amostras do género Trichosporon provenientes de animais de
criatorio, pacientes e ambientes associados (criatorio e hospitalar) de diferentes estados do
Brasil para montar um banco de leveduras para o estudo em questao;

Padronizar a metodologia de microdilui¢do em caldo para avaliar a susceptibilidade de
leveduras do género Trichosporon,;

Avaliar a susceptibilidade das leveduras isoladas frente aos diferentes antifingicos clinicos
(fluconazol, itraconazol, voriconazol, anfotericina B e micafungina), agroquimicos
(tebuconazol, carbendazim, piraclostrobina e mancozeb) e desinfetantes (cloreto de
benzalconio e cloreto de didecildimetilamonio);

Investigar a resisténcia in vitro e selecionar as amostras por meio da avaliagdo do
crescimento € da formacao de biofilme;

Detectar e investigar a resisténcia in vivo das amostras selecionadas.



10

3. Capitulo 1

Com objetivo de realizar uma revisdo bibliografica sobre resisténcia e os mecanismos
de resisténcia no género Trichosporon, foi elaborado e publicado o artigo de revisdao
Trichosporon and Antifungal Resistance: Current Knowledge and Gaps na revista
Mycopathologia em 04/07/2025 (DOI: 10.1007/s11046-025-00969-z). O estudo aborda
principalmente os perfis de susceptibilidade e os mecanismos de resisténcia do fungo frente aos
principais antifingicos clinicos atualmente utilizados — azdis, anfotericina B, equinocandinas
e flucitosina. Além disso, a revisdo destaca lacunas significativas no conhecimento sobre os
mecanismos de resisténcia e a possivel ocorréncia de resisténcia cruzada entre compostos
clinicos, agricolas e desinfetantes, no contexto da Satide Unica. Entre os principais achados, o
artigo ressalta a necessidade de padronizacdo das metodologias de susceptibilidade, a
relevancia de estudos aprofundados para elucidar os mecanismos de resisténcia e a importancia
de uma abordagem integrada sob a perspectiva da Saude Unica, considerando a interagio entre

ambiente, animais e seres humanos na disseminacao de cepas resistentes.
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Abstract Trichosporon spp. are ubiquitous environ-
mental and emerging opportunistic fungi that can be
part of the normal microbiota of the skin, vagina, and
gastrointestinal tract in humans and other animals. In
a state of microbiota imbalance, both immunocom-
promised and non-immunocompromised patients are
susceptible to trichosporonosis, which can present
as either superficial infections, such as White Piedra,
or deep-seated infections, such as fungemia. Due to
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intrinsic resistance or limited efficacy reported with
fluconazole, polyenes, echinocandins, and flucyto-
sine, voriconazole is currently recommended in clini-
cal guidelines. Biofilm formation and the overexpres-
sion of efflux pumps may contribute to this limited
efficacy, but other resistance mechanisms have also
been reported. The high antifungal resistance levels
present in this genus highlight the urgent need for
new therapeutic approaches and a better understand-
ing of Trichosporon pathogenesis and the molecular
mechanisms underlying this resistance. In this review,
we discuss antifungal resistance and the mechanisms
of this resistance in Trichosporon spp., addressing
key points that require further investigation.

Keywords Review - Trichosporon spp. - Antifungal
resistance - Mechanism resistance

Background on Trichosporon spp.
and Trichosporonosis

The Trichosporon genus belongs to the phylum
Basidiomycota, class Tremellomycetes, order Tri-
chosporonales, and family Trichosporonaceae. Mor-
phologically, the Trichosporon genus is character-
ized by the production of true hyphae, pseudohyphae,
arthroconidia, and blastoconidia. It is known to con-
tain at least 15 clinically relevant species, but new,
normally clinically relevant, species are regularly
being described [1, 2].

@ Springer
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Until 1992, nearly all infections caused by this
genus were linked to Trichosporon beigelii [1]. How-
ever, taxonomy was gradually updated based on
biochemical and molecular data, allowing a more
accurate differentiation between species previously
grouped under T. beigelii and T. cutaneum [3]. Fur-
thermore, a recent taxonomic revision led to the
reclassification of some species previously grouped
within the Trichosporon genus, now described as
part of the Cutaneotrichosporon genus (e.g., Cuta-
neotrichosporon cutaneum and Cutaneotrichosporon
mucoides) [1, 3].

According to NCBI taxonomy, there are currently
15 known Trichosporon species: T. aquatile, T. asa-
hii, T. asteroides, T. beigelii, T. caseorum, T. coremii-
forme, T. dohaense, T. faecale, T. infestans, T. inkin,
T. insectorum, T. japonicum, T. lactis, T. austroameri-
canum, and T. ovoides. Although predominantly
associated with the human microbiota and clinical
manifestations, most of these species have also been
isolated from environmental sources [2, 5-7].

Currently, T. asahii is considered the main species
of the genus, causing invasive trichosporonosis in
clinical settings [1, 4]. Besides T. asahii, T. inkin and
the recently described 7. austroamericanum are also
important agents in invasive infections [1, 2].

This genus comprises ubiquitous fungi that can be
found both in the environment and in association with
humans and other animals [5, 6]. It can be part of the
normal microbiota of the skin, vagina, and gastro-
intestinal tract of various animals, such as birds and
humans [5-7]. However, changes in the microenvi-
ronment can trigger their pathogenic potential, lead-
ing to trichosporonosis. This ability depends on host
factors, virulence factors, metabolic flexibility, and
the fungi’s ability to invade tissue [8].

Infections caused by these fungi can be broadly
classified as superficial, which can occur in both
immunosuppressed and non-immunosuppressed indi-
viduals, or life-threatening invasive diseases, which
occur mainly in immunosuppressed patients [2, 5, 6].

Clinical Manifestations and Diagnosis
of Trichosporonosis
Benign, irregular nodules on the hair shaft, known

as White Piedra, represent superficial infections
typically caused by T. inkin and T. ovoides, and are
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usually observed in immunocompetent individuals [9,
10]. These nodules range in color from white to light
brown, possess a soft texture, and are loosely attached
to hair on the beard, mustache, eyebrows, axillae, and
genital areas. Diagnosis is primarily clinical and con-
firmed through direct microscopic examination and
fungal culture [9-11].

In contrast, invasive trichosporonosis is more
frequently associated with immunocompromised
patients, including individuals living with HIV/AIDS,
cancer patients, transplant recipients, and those
exposed to specific risk factors such as major surgery
or severe burns [5, 6]. In such cases, T. asahii is the
most frequently isolated species, affecting multiple
organs with a broad spectrum of clinical manifesta-
tions. These include fungemia (in over 70% of cases),
pneumonia, and cutaneous lesions, and are associated
with high mortality rates ranging from 50 to 70% [5,
6]. These clinical manifestations are often nonspe-
cific and may include persistent fever unresponsive to
broad-spectrum antibiotics, pulmonary involvement,
skin manifestations (including papules, nodules, or
necrotic lesions), and signs of disseminated infection
involving the lungs, liver, spleen, kidneys, skin, and
central nervous system. Diagnosis is challenging due
to the overlap of symptoms and signs with those of
other fungal and bacterial infections. Definitive diag-
nosis requires the isolation of Trichosporon spp. from
sterile sites such as blood or tissue cultures, often
supported by direct microscopy and histopathological
examination [5, 6, 8, 16—18, 21]. Early identification
and prompt initiation of appropriate antifungal ther-
apy are critical.

Notably, during the COVID-19 pandemic, severe
and fatal opportunistic infections caused by T. asahii
were reported, either as co-infections or secondary
infections following COVID-19 [12-15]. Moreover,
dissemination to the central nervous system has been
documented, leading to cases of meningitis [16—18].
Although invasive trichosporonosis is uncommon
in immunocompetent individuals, it can still occur
under specific circumstances, such as in post-surgical
patients or those in intensive care units, including
cases of mediastinitis [2]. The clinical presentation in
these cases remains nonspecific, and diagnosis con-
tinues to pose a significant challenge.

Given the growing incidence of antifungal resist-
ance, particularly in invasive infections, it is essential
to investigate resistance mechanisms and evaluate the
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effectiveness of current antifungal therapies. The fol-
lowing sections will examine the efficacy of different
antifungal classes (azoles, polyenes, echinocandins,
and flucytosine), highlighting key studies and resist-
ance mechanisms specific to Trichosporon species.

What do We Know About Antifungal Resistance
to Common Antifungals?

Azoles

Azoles are a class of synthetic antifungal agents
widely used to treat a range of fungal infections,
including those caused by Trichosporon species [22].
Their primary mechanism of action involves the dis-
ruption of ergosterol biosynthesis (a critical compo-
nent of the fungal cell membrane) through the inhibi-
tion of lanosterol-14-a demethylase, encoded by the
ERGI1 gene [23]. However, high minimum inhibi-
tory concentrations (MICs) values to these antifun-
gals in vitro are commonly observed in this genus.
T. asahii typically displays low MICs values to vori-
conazole and posaconazole, but higher MICs values
for fluconazole [22]. For this reason, within this class,

triazoles (especially voriconazole) are considered the
most effective agents for managing trichosporonosis
and are recommended as first-line therapy for patients
with invasive disease (including central nervous sys-
tem infections), although fluconazole is still widely
used in clinical practice in some countries [5, 6, 10,
16, 20]. Overall, susceptibility to azoles varies among
Trichosporon isolates, with some reports of high MIC
values for azoles in strains capable of biofilm forma-
tion [25, 26].

Despite the absence of interpretative breakpoints
or epidemiological cutoff values (ECV) for Trichos-
poron and antifungals, several studies have used
adapted CLSI (Clinical and Laboratory Standards
Institute—Method for Broth Dilution Antifungal
Susceptibility Testing of Yeasts; Approved Stand-
ard: Wayne, Pennsylvania, USA, 2012) and EUCAST
(EUCAST guidance on Interpretation of MICs for
rare yeast without breakpoints, 2024) guidelines to
generate in vitro susceptibility data. Among these
studies, the CLSI method remains the most used, as
summarized in Table 1.

Francisco et al. [4] analyzed antifungal suscepti-
bility in several clinical isolates of the Trichosporon
genus, focusing on 273 clinical isolates of 7. asahii.

Table 1 Timeline of significant MIC studies within the genus 7richosporon used in this review

Kuo et al. [29] —
2021

Francisco et al. [4]
-2019

Wongsuk et al. [28]
-2022

Study Tokunaga et al. [48] Guo et al. [27] -
-1992 2019
Number of isolates 52 clinical isolates 133 clinical isolates
tested
MIC method CLSI CLSI
MIC range values Flucytosine: MIC Amphotericin B:
range of 3.12— MIC range of

6.25 pg/mL 0.125-4 pg/mL
Caspofungin and
Micafungin: MIC
of > 8 pg/ml
5-FC: MIC range of
0.25-64 pg/mL
Fluconazole:
MIC range of
0.125->512 pg/
mL
Voriconazole: MIC
range of 0.008—
16 pg/mL
Itraconazole: MIC
range of 0.125-
32 pg/mL

358 clinical isolates 115 clinical isolates 53 clinical isolates

CLSI CLSI CLSI

Fluconazole: MIC ~ Amphotericin B: Voriconazole:
range of 0.25— MIC range of MIC range of
64 pg/mL 0.12-2 pg/mL 0.01-0.25 pg/mL

Fluconazole: MIC
range of 0.5-8 pg/

Voriconazole: MIC
range of 0.03-2

Caspofungin and
Micafungin: MIC

pg/mL of > 8 pg/ml mL
Posaconazole: MIC ~ 5-FC: MIC range of Amphotericin B:
range of 0.03-2 0.06-> 64 pg/mL MIC range of

Fluconazole: MIC
range of 0.12—
16 pg/mL

Voriconazole:
MIC range of
0.008-8 pg/mL

Posaconazole:
MIC range of
0.008-1 pg/mL

Itraconazole:
MIC range of
0.015-1 pg/mL

pg/mL 0.25->16 pg/mL
Amphotericin B:
MIC range of

0.25-> 16 pg/mL
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Fluconazole was the least effective antifungal (sug-
gestive ECV set at 8 pg/mL), indicating reduced sus-
ceptibility. In contrast, voriconazole demonstrated
superior in vitro activity among the azoles tested,
with a suggestive ECV of 0.25 pg/mL. Guo et al. [27]
also reported elevated fluconazole MICs for 25% of
T. asahii isolates (MIC >8 pg/mL), while voricona-
zole MICs remained low (geometric mean MIC of
0.09 pg/mL) (Table 1). However, different Trichos-
poron species may have distinct antifungal resistance
profiles [4, 27].

More recent studies corroborate the potent in vitro
efficacy of voriconazole against Trichosporon clinical
isolates. For example, Wongsuk et al. [28], in a study
on antifungal susceptibility, genome sequencing, and
biofilm formation of clinical samples, demonstrated
that voriconazole remains the most effective antifun-
gal agent for treating Trichosporon infections (MIC
range of 0.01-0.25 pg/mL). In addition, posaconazole
also exhibits significant antifungal activity (Table 1).
In a study involving 115 clinical isolates, Kuo et al.
[29] reported a mean MIC of 0.251 pg/mL for posa-
conazole, compared to 0.111 pg/mL for voriconazole.
Furthermore, some studies suggest that combining
voriconazole with amphotericin B enhances therapeu-
tic outcomes, particularly in cases of severe or refrac-
tory infections [20] (Table 1).

Although still poorly investigated, Trichosporon
spp. resistance to azoles may be linked to mecha-
nisms such as biofilm formation, ERGI1 gene muta-
tions, and the overexpression of efflux pumps, as
observed in other pathogenic yeasts like Candida
spp. and Cryptococcus spp. [5, 25, 26]. Additionally,
biofilm formation has been associated with increased
tolerance and antifungal resistance, linked to extracel-
lular DNA and persistent cells in Trichosporon [25,
30, 31] (Table 2 and Fig. 1).

In many opportunistic fungal species, including
Candida spp. and Aspergillus spp., mutations lead-
ing to amino acid substitutions in the ERG1] gene
reduce azole binding to the target enzyme [32, 33].
Some studies have evidenced the role of this mecha-
nism in azole resistance in Trichosporon [34, 35].
Hisako et al. [35] described that long-term flucona-
zole use may select for the G453R amino acid sub-
stitution in Ergl1p, leading to azole resistance in T.
asahii. Abbes et al. [34] also reported amino acid
substitutions potentially involved in azole resist-
ance. ERGI1 sequencing revealed two mutations,
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H380G and S381A, in TN325U11 (MIC for flu-
conazole of 8 pg/mL) and H437R in TN114U09
(MIC for fluconazole of 256 pg/mL), occurring in
highly conserved regions (close to the heme-bind-
ing domain). However, further functional validation
is necessary (Table 2 and Fig. 1).

Despite the discussion on point mutations, the
primary reason for variations in MIC values for
azoles appears to be active efflux pumps. Overex-
pression of these pumps leads to enhanced drug
efflux, reducing intracellular azole concentrations
and contributing to treatment failure in Trichos-
poron and other opportunistic fungi [36]. Padovan
et al. [23] used Rhodamine 6G, a substrate of ATP-
binding cassette transporters, to demonstrate that
efflux pump overexpression significantly contributes
to azole resistance. In 2021, Abbes et al. [34] used
RT-PCR targeting Pdrll and Mdr genes to show
that efflux pump activity in 7. asahii is similar to
that in Candida species and contributes to flucona-
zole resistance (Table 2 and Fig. 1). Furthermore,
Aguiar et al. in 2023 [24] provided indirect evi-
dence that inhibiting these efflux pumps with pro-
methazine could be a strategy to control T. asahii
and T. inkin.

Subsequent studies [25] explored the MDR and
esterase superfamilies in 7. asahii, offering more
insights into TaMDR and TaPLA2 genes associated
with azole resistance and active efflux. This study
compared TaPLA2-overexpressing strains with
their parental strains, analyzing the role of TaPLA2
in azole resistance. The overexpression of efflux
pumps (such as TaMDR) and increased biofilm for-
mation suggest that 7. asahii PLA2 enhances drug
resistance to azoles by improving drug efflux and
biofilm formation. Additionally, the upregulation
of membrane lipid metabolism has been associated
with azole resistance [25] (Table 2 and Fig. 1).

Other hypotheses are also under investigation.
For instance, Ma et al. [37] demonstrated that
farnesol (a quorum-sensing molecule) increases
azole tolerance in fluconazole-resistant Trichos-
poron strains. Additionally, azole exposure induces
significant transcriptional changes in the 7. asa-
hii genome. These transcriptional alterations may
contribute to resistance development, as the fungus
adapts its gene expression in response to antifungal
pressure [4].
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Resistance Mechanism

/4

B-1,3-glucan

Fig. 1 Main resistance mechanisms of Trichosporon genus:
modification of the drug target and overexpression of efflux
pumps in plasma membrane; low frequency of the drug target

Polyenes

Polyenes are natural products (produced by Strepto-
myces spp.) and a class of antifungal drugs character-
ized by multiple conjugated double bonds and a heav-
ily hydroxylated region on the ring opposite to the
conjugated system. They primarily target the fungal
plasma membrane by binding to ergosterol, leading to
cell membrane disruption [38]. However, some stud-
ies on yeasts, such as Cryptococcus spp., suggest that
these drugs also play a role in inducing endogenous
reactive oxygen species (ROS) and peroxynitrite in
the cell [39]. Amphotericin B is the only polyene
clinically approved for invasive fungal diseases but
has shown poor efficacy in treating trichosporonosis
[5].

High MIC values for amphotericin B, with an
epidemiological cutoff value (suggestive ECV)
at 48 h set at 4 pg/mL for T. asahii, were found
by Francisco et al. [4]. Similarly, Guo et al. [27]
reported high amphotericin B MIC values (ranging
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Plasma membrane

in the cell wall (p-1,3-glucan); mutation and modification in
genome/trascriptome targets; and biofilm formation

from 0.125 to 4 pg/mL) for T. asahii isolates. Other
studies reinforce these findings, showing ampho-
tericin B MIC values varying from 2 to 16 pg/
mL [28, 29]. This evidence highlights the role
of microbiological resistance to amphotericin B
(MIC>2 pg/mL) in treatment failure, as high val-
ues are generally incompatible with standard treat-
ment due to the drug’s toxicity. However, suscep-
tibility may vary among other species, since lower
MIC values have been detected for T. inkin [4, 27]
(Table 1).

Despite these findings, the mechanisms underlying
Trichosporon resistance to amphotericin B are not yet
fully understood. Some authors suggest that biofilm
formation, associated with extracellular DNA and
persistent cells, may contribute to resistance [26, 30,
31]. Resistance could also be linked to active efflux
mechanisms, lipid membrane alterations, and meta-
bolic adaptations, considering the primary target and
mode of action of this drug, similar to azole resist-
ance [25, 37]. However, these hypotheses are only
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briefly suggested by some authors [5, 6] (Table 2 and
Fig. 1).

Echinocandins

Echinocandins, a class of lipopeptide molecules, pri-
marily target cell wall biosynthesis by inhibiting the
synthesis of p-1,3-glucan, a key component encoded
by the FKS genes [40]. However, their efficacy
against Trichosporon species has been consistently
questioned, as these species may exhibit intrinsic
resistance to echinocandins, such as micafungin and
caspofungin [5, 6, 10]. This resistance is supported
by other studies, including those by Guo et al. [27],
Kuo et al. [29], and Matsumoto et al. [41], which
collectively conclude that echinocandins, such as
micafungin and caspofungin, are ineffective in treat-
ing trichosporonosis (Table 1 and Fig. 1).

As shown in Table 1, susceptibility studies have
reported high echinocandin MIC values (greater than
8 pg/mL) against Trichosporon [27, 29]. This innate
resistance may explain the occurrence of Trichos-
poron fungemia in patients receiving echinocandin
prophylaxis or empirically [43, 44].

Despite these consistent findings, the precise
mechanisms underlying echinocandin resistance in
Trichosporon species remain poorly understood. One
study suggested that intrinsic resistance in this genus
is not linked to natural amino acid changes in the
FKS gene [45]. Other studies proposed a lower pro-
portion of p-1,3-glucan in the cell wall of this genus
[40]. Further research is needed to better elucidate the
molecular basis of this resistance and to explore alter-
native therapeutic strategies for managing trichospor-
onosis, particularly in patients with invasive infec-
tions (Table 2 and Fig. 1).

Flucytosine

Flucytosine, an antimetabolite drug, is typically used
to treat systemic and severe infections caused by
Cryptococcus spp. and other specific cases, always
in combination with another antifungal. It interferes
with DNA, RNA, and protein synthesis [46]. How-
ever, its efficacy against Trichosporon species, par-
ticularly 7. asahii, remains controversial [47]. Recent
studies have also tested flucytosine (5-FU), but the
MIC range is consistently large, reaching > 64 pg/mL
[27, 29] (Table 1).

Furthermore, an earlier study by Tokunaga et al.
[48] demonstrated that the MIC values for flucyto-
sine against 7. beigelii strains ranged between 3.12
and 6.25 pg/mL, proposing it as a good antifungal.
However, these values are significantly higher than
those observed in other genera. This suggests a poten-
tial resistance of Trichosporon species to flucytosine,
but more comprehensive studies are required to fully
assess its clinical relevance (Table 1).

Given the variable response rates and observed
resistance, flucytosine is not widely recommended
as monotherapy for Trichosporon infections, par-
ticularly in the case of biofilm-associated infections
where resistance tends to be more pronounced [5, 26]
(Table 1 and 2) (Fig. 1).

Treatment Recommendations to Trichosporonosis

Topical or oral azoles, particularly imidazoles
(mainly ketoconazole), in conjunction with appro-
priate personal hygiene to prevent recurrence, have
demonstrated promising outcomes in the treatment
of superficial infections, including White Piedra. The
standard dosage of oral ketoconazole ranges from 200
to 400 mg per day, administered either as a single oral
dose or divided into two doses (morning and even-
ing). However, the most recommended formulation is
topical ketoconazole, in the form of a 2% shampoo or
cream [11, 19].

For invasive infections, triazoles have shown supe-
rior efficacy, particularly when used in combination
with other antifungal agents such as amphotericin B.
This therapeutic strategy generally involves the use
of oral or intravenous triazoles in conjunction with
intravenous amphotericin B, tailored to the sever-
ity of the infection and the pharmacokinetic profiles
of the antifungal agents [5, 10, 20]. In this context,
voriconazole is currently recommended as the first-
line treatment for invasive trichosporonosis. The ini-
tial recommended dosage is 6 mg/kg intravenously
every 12 h for the first 24 to 48 h, followed by 4 mg/
kg every 12 h, or transitioning to oral administra-
tion (100 mg to 200 mg every 12 h), for maintenance
therapy. Treatment may be discontinued once clini-
cal resolution is achieved, laboratory results confirm
infection control, and radiologic imaging no longer
indicates signs of invasive fungal disease. However,
ongoing monitoring of the patient’s clinical status and
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potential antifungal resistance remains essential [5,
10, 16, 20, 21].

May Newer Antifungals Help in Treating
Trichosporonosis?

Some new drugs are currently being evaluated for the
treatment of opportunistic yeasts, including Ibrex-
afungerp, Rezafungin, Olorofim, Opelconazole, and
Fosmanogepix [49] (Table 2). However, there are
no in-depth studies on Rezafungin, Olorofim, and
Opelconazole indicating their effectiveness against
trichosporonosis.

Ibrexafungerp (formerly SCY-078 or MK-3118)
is a first-in-class triterpenoid antifungal that inhibits
the biosynthesis of P-(1,3)-D-glucan in the fungal
cell wall, a mechanism similar to echinocandins. The
in vitro activity was tested in some Trichosporon spe-
cies, but the activity of ibrexafungerp was variable,
making it difficult to predict the use of this drug in
trichosporonosis [50].

Fosmanogepix is a potent new antifungal agent
targeting the fungal Gwtl enzyme. It has previously
been demonstrated to have good in vitro activity
against clinical isolates of Candida and Aspergillus
species. A recent study demonstrated the potential of
fosmanogepix against some yeasts, including Trichos-
poron [51].

Some other groups are testing natural compounds
in this context. For instance, Yang et al. [52] analyzed
the antifungal characteristics of allicin against 7. asa-
hii. Allicin is the main biologically active component
with broad-spectrum antimicrobial activity in garlic,
and these findings shed new light on the potential of
allicin as an alternative treatment strategy for trichos-
poronosis [52].

Trichosporon spp. Resistance from the One Health
Context

The One Health approach, published by the tripartite
strategic partnership of FAO/OIE/WHO, recognizes
that human health, animal health, and the environ-
ment are interconnected, with antimicrobial resist-
ance being one of the priorities of this alliance [53]
(Fig. 2). Of particular concern, resistance to anti-
fungals has significantly increased in yeasts, putting
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Fig. 2 Trichosporon genus in the One Health context: antifun-
gal resistance in yeasts, driven by environmental factors such
as agrochemicals, disinfectants and antimicrobials, poses a
growing threat to global health. Ubiquitous and opportunistic
pathogens like Trichosporon exposed to these substances may
develop cross-resistance, linking human, animal and environ-
mental health, and challenging the antifungal resistance and
treatment perspective

millions of people affected annually by yeast-like
fungi at risk [53]. Thus, the CDC and WHO have
already considered antifungal resistance in yeasts
to be a serious threat to global public health (2019
CDC’s Antibiotic Resistance Threats in the United
States Report).

Studies have pointed out that exposure to agri-
cultural fungicides, such as azoles, select for resist-
ant genotypes in Aspergillus fumigatus, which may
develop cross-resistance to the medications used in
humans, potentially leading to treatment failure [54,
55]. From this point of view, it is now clear that envi-
ronmental yeasts may also develop resistance to clini-
cal antifungals, which could be transmitted to human
and animal populations. There is growing evidence
that pathogenic yeasts, such as Candida spp. and
Cryptococcus spp., can develop resistance to azoles
due to pesticide exposure [54, 56-58].

In this context, Trichosporon is widely distributed
in nature, encompassing species that inhabit different
ecological niches and can be found in water or soil,
as well as interacting with animals (such as birds, as
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well as bird droppings) and humans [3, 5, 59-61].
Since the Trichosporon genus is composed of ubiqui-
tous emerging yeasts found both in the environment
and in animal host, it is important to consider that the
exposure to antimicrobials, agrochemicals, and disin-
fectants may influence the development of resistance.
These substances may contribute to the development
of resistance in these yeasts, potentially leading to
the occurrence of cross-resistance, as has already
been demonstrated for other species [56-58] (Fig. 2).
Therefore, the potential transmission routes (from the
environment or animals to humans) could also influ-
ence the efficacy of the treatment, in this context of
One Health.

Perspectives and Current Gaps

Trichosporonosis poses significant clinical challenges
and urgently needs further scientific investigation,
particularly concerning antifungal therapy and poten-
tial multidrug resistance (resistance to at least two
different classes of drugs). Without new therapeutic
strategies and a deeper understanding of its patho-
genicity, trichosporonosis will continue to pose a sub-
stantial threat to vulnerable patient populations.

Although there is still limited data to support
susceptibility-driven antifungal therapy, in vitro sus-
ceptibility testing using reference methods is recom-
mended for epidemiological purposes. Furthermore,
the establishment of ECV/clinical breakpoints is also
important to facilitate the interpretation of MICs in
clinical labs. Some recommendations are now avail-
able (2024) from EUCAST (EUCAST guidance on
Interpretation of MICs for rare yeasts without break-
points), and some studies are already contributing to
this scenario [4], but this is just the beginning. This
will further allow us to identify isolates, showing evi-
dence of acquired resistance. Moreover, some studies
continue to highlight the differences between species
within this genus when it comes to susceptibility to
antifungal agents. Therefore, further in-depth studies
on this topic would also be important.

Additionally, more in-depth studies on the applica-
bility and effectiveness of new antifungals for the 7ri-
chosporon genus are necessary. In addition to clinical
trials, which will be crucial for introducing these new
forms of treatment for trichosporonosis.

Significant advancements are still needed to gain
a deeper understanding of trichosporonosis suscep-
tibility and treatment. There is also a pressing need
for more precise diagnosis, prescriptions, and dos-
age guidelines. Furthermore, Trichosporon spp.
is becoming increasingly relevant within the One
Health framework, as environmental exposure to fun-
gicidal substances may be contributing to its growing
resistance.
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4. Capitulo 2

Com objetivo de realizar a padronizacdo da metodologia usada neste trabalho para a
avaliacdo da susceptibilidade no género Trichosporon, foi elaborado e publicado o artigo de
metodologia Optimized Conditions for Broth Microdilution Susceptibility Testing of
Trichosporon spp. to Clinical Antifungals na revista Brazilian Journal of Microbiology em
22/08/2025 (DOI: 10.1007/s42770-025-01766-y). O estudo apresenta o desenvolvimento de
um protocolo otimizado para testes de microdiluicao em caldo, com a finalidade de avaliar a
concentracgao inibitéria minima dentro do género Trichosporon, contemplando adaptagdes nas
condi¢des de incubacdo e nos critérios de leitura. Essa padronizagdo permitiu resultados mais
reprodutiveis e precisos para diferentes espécies de Trichosporon frente aos antifungicos de uso
clinico fluconazol e anfotericina B. Entre os principais resultados, foram determinadas as
condi¢des ideais de temperatura, periodo de incubacao e critérios de leitura da inibi¢ao flngica,
o que facilitou comparagdes entre estudos e contribuiu para o estabelecimento de valores de

referéncia e futuras diretrizes de teste de susceptibilidade para o género.
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Abstract

The resistance in Trichosporon species poses a significant challenge in clinical treatment, limiting the efficacy of com-
monly used antifungal drugs. In this context, 7. asahii poses substantial risks as an opportunistic pathogen, especially in
immunocompromised patients, where the effective antifungal treatment is also challenged by the absence of standardized
testing methods. In this scenario, the present study evaluated and discussed the broth microdilution susceptibility testing
of Trichosporon species to fluconazole and amphotericin B. A total of 33 Trichosporon spp. strains, isolated from different
sources, along with reference strains, were tested. Different adaptations of the CLSI guidelines were applied to investigate
optimal conditions for minimum inhibitory concentration (MIC) determination in this genus. The results revealed that flu-
conazole showed less variation between the tested incubation periods, with reading at 50% inhibition, while amphotericin
B demonstrated more accurate results with extended incubation (48 h) and reading at 100% inhibition. Additionally, fluco-
nazole exhibited higher MICs when isolates were incubated at 30 °C, with a range of 1-32 ug/mL, where amphotericin B
showed higher MICs at 37 °C, with a range of 0.5—4 pg/mL. This work also reveals significant variability in susceptibility
results, underscoring the necessity for standardized testing protocols. Based on the results, the study recommends for the
optimal susceptibility testing a 48 h incubation period at 37 °C, with reading breakpoints of 50% inhibition for fluconazole
and 100% inhibition for amphotericin B. Yet, this study highlights the urgent need for standardized testing methods and
better understanding of antifungal resistance in Trichosporon infections.
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Introduction

Over the past few decades, Trichosporon species have been
increasingly recognized as opportunistic pathogens capable
of causing life-threatening invasive diseases, particularly
in immunosuppressed patients [1-3]. Most species of this
genus are opportunistic pathogens, normally residing as
commensals on the skin and gastrointestinal tract of healthy
individuals (both humans and other animals). However,
under an imbalanced environment, Trichosporon spp. may
cause trichosporonosis, also depending on specific viru-
lence factors and metabolic flexibility [2, 4, 5].

Trichosporonosis is primarily caused by six species: 7.
asahii and T. mucoides, which are the main agents of inva-
sive infections, and 7. cutaneum, T. asteroides, T. ovoides,
and T inkin, which are primarily associated with superfi-
cial infections [2, 3]. Recently, the taxonomy of this genus
was revised, and some of the species tested and cited in this
work now belong to the genus Cutaneotrichosporon (Cuta-
neotrichosporon jirovecii, Cutaneotrichosporon mucoides,
and Cutaneotrichosporon cutaneum) [6]. However, in this
study, we will discuss these species from the perspective of
the former genus Trichosporon.

Benign irregular nodules on the hair shaft, known as
White Piedra, represent the most common clinical pre-
sentation of superficial infection [7]. In cases of invasive
infection, trichosporonosis is predominantly observed in
immunocompromised patients, such as those with advanced
HIV infection, cancer, or transplant recipients. In these
cases, 1. asahii is the most common agent, and the infec-
tion can affect a wide range of organs with highly variable
clinical manifestations, such as fungemia (>70%), pneumo-
nia, and skin lesions, with lethality rates of 50-70% [2, 3].
Notably, during the COVID-19 pandemic, severe cases of
co-infection and opportunistic infections after COVID-19
caused by T asahii were described [8—11].

These life-threatening invasive diseases have become
increasingly frequent and are often associated with inef-
fective antifungal treatments or antifungal resistance [1,
8, 9]. Furthermore, some studies have reported that a few
Trichosporon isolates exhibit reduced susceptibility to
certain azoles and polyenes, highlighting the potential for

Table 1 Number of isolates per species

Species Num-
ber of
Isolates
Trichosporon asahii 17
Cutaneotrichosporon mucoides (Trichosporon mucoides) 8
Trichosporon japonicum 4
Cutaneotrichosporon jirovecii 3
(Trichosporon jirovecii)
Trichosporon coremiforme 1

@ Springer

antifungal resistance in this genus to agents commonly used
in clinical practice for treating fungal infections. Notably,
this genus displays intrinsic resistance to echinocandins [2,
3].

In this context, antifungal susceptibility testing would be
useful to foresee the best treatment for each patient. How-
ever, the methodology for determining the Minimum Inhibi-
tory Concentrations (MIC) for antifungals is not yet well
standardized for Trichosporon spp. The Clinical and Labo-
ratory Standards Institute (CLSI) guidelines are the most
used for determining yeast susceptibility and do not include
the genus Trichosporon [12]. Consequently, researchers use
different parameters (i.e., culture medium, inoculum con-
centration, temperature, and incubation period) to study
antifungal susceptibility, leading to difficulties in reproduc-
ing data and interpreting the results [2, 3].

In this context, the establishment of a standardized broth
microdilution susceptibility test for Trichosporon spp. is cru-
cial due to its increasing clinical significance, particularly in
immunocompromised patients. Therefore, this study aims
to establish reproducible conditions for performing broth
microdilution antifungal susceptibility testing of 7richospo-
ron spp. against fluconazole and amphotericin B (the most
used antifungals for treating fungal infections), including
incubation period, temperature, and reading breakpoints.
The goal is also to minimize the impact of potential antifun-
gal resistance on treatment efficacy. These factors are criti-
cal when working with opportunistic environmental yeasts
that can adapt to and thrive in animal hosts, potentially
exhibiting reduced susceptibility to common treatments.

Materials and methods
Samples

In this study, we performed the susceptibility of 33 Tricho-
sporon spp. isolates (Table 1) to the antifungals amphoteri-
cin B and fluconazole. Additionally, we used four reference
strains as controls (chosen for their clinical relevance):
Cryptococcus neoformans H99, Cryptococcus gattii R265,
Candida glabrata ATCC 2001, and Candida albicans
SC5314 (ATCC MYA-2876D-5) [13—15]. The isolates were
collected from environmental and human sources, isolated
on CHROMagar, identified using MALDI-TOF, and stored
in a BHI medium supplemented with 20% glycerol collec-
tion at -80 °C. The collection is deposited in the Sistema
Nacional de Gestdo do Patrimdnio Genético e do Conhe-
cimento Tradicional Associado (SISGEN code AA7A6D7).
The CLSI protocol [12] was used as a reference, but adapta-
tions were made to suit our laboratory protocol.
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Inoculum preparation

The inoculum was prepared following the methodology
described in previous studies [13—15]. The samples were
cultured on Sabouraud Dextrose Agar (SDA) at 37 °C for
48 h [13—15]. After incubation, a portion of the colony was
transferred into 3 mL of 0.9% saline in a glass tube and
homogenized [13—15]. Due to the tendency of the yeast to
form clumps, the suspensions were left to decant for 5 min.
After decantation, 2.5 mL of the supernatant was carefully
collected for further processing. The transmittance of the
inoculum was then adjusted to 75-77% at 530 nm, corre-
sponding to a concentration of 1-5 x 1076 cells/mL [13-15].
This stock inoculum was subsequently diluted in RPMI
1640 medium with MOPS (0.165 M) in two steps: a 1:50
dilution, followed by a 1:20 dilution, yielding a final con-
centration of 1-5x 1073 cells/mL [13—15]. The inoculum
was transferred into 96-well flat-bottomed plates. The CLSI
protocol [12] was used as a reference, but adaptations were
made to suit our laboratory protocol.

Antifungals

The antifungals fluconazole and amphotericin B were
obtained from Sigma-Aldrich and solubilized in sterilized
distilled water and DMSO, respectively, to prepare stock
solutions at a concentration of 5000 pg/mL [13-15]. They
were prepared in stock solutions in DMSO, followed by
serial dilutions in RPMI. The final concentration ranges
were 0.03—16 pg/mL for amphotericin B and 0.125-64 pg/
mL for fluconazole [13—15]. The CLSI protocol [12] was
used as a reference, but adaptations were made to suit our
laboratory protocol.

Susceptibility test conditions

All experiments were performed to test different incubation
conditions: temperatures of 30 °C and 37 °C, and periods of
24 h and 48 h. Plates were read visually, and reading break-
points of 50% growth inhibition compared to the drug-free
growth control, as well as 100% growth inhibition, were
used to determine the antifungal minimum inhibitory con-
centrations (MIC). Additionally, minimum inhibitory con-
centrations (MICs, and MIC,,) were calculated, allowing
the determination of the minimum concentration required
to inhibit 50% and 90% of the isolate’s growth, respectively
[13—15]. The CLSI protocol [12] was used as a reference,
but adaptations were made to suit our laboratory protocol.

Results

The results for Cryptococcus neoformans H99, Crypto-
coccus gattii R265, Candida glabrata ATCC 2001, and
Candida albicans SC5314 (ATCC MYA-2876D-5) were
consistent with the established standards, reinforcing the
reproducibility of the protocol [12]. For Trichosporon spp.,
the results are summarized in Table 2. All the strains were
evaluated under all the conditions tested, with the aim of
standardizing.

Observing the growth pattern of the samples during the
experiment, we noticed differences related to temperature
and incubation period. All isolates showed growth within
24 h; however, in most cases, the best metabolic rate seemed
to occur after 48 h of growth, where they demonstrated
greater multiplication in the wells. Regarding temperature,
some isolates exhibited preferential growth at one of the
tested temperatures, where they demonstrated greater multi-
plication in the wells, while others seemed to grow equally
under both conditions.

All isolates showed some growth within 24 h, regard-
less of the drug (Table 2). However, for most isolates, the
48-hour incubation period appeared more promising, allow-
ing the yeast to grow and develop sufficiently to provide
the best MIC determination. This was particularly notice-
able for amphotericin B, where many of the isolates (24/33)
showed a doubled MIC value after 48 h of incubation. Thus,
48 h of incubation might be the most reliable period to more
accurately determine the antifungal susceptibility of this
genus.

Temperature appeared to influence isolate growth,
regardless of the drug (Table 2). Some isolates did not show
sufficient growth to analyze inhibition depending on the
temperature. One 7. asahii isolate did not exhibit enough
growth to analyze inhibition at 30 °C, while three isolates
of Cutaneotrichosporon jirovecii (formerly T. jirovecii) did
not exhibit sufficient growth to analyze inhibition at 37 °C.

When observing the percentage of growth inhibition,
readings were taken at 50% and 100% inhibition (Table 2),
as the drugs can be either fungicidal (amphotericin B) or
fungistatic (fluconazole). Moreover, it is important to note
that this is visual reading, which can be influenced by tech-
nical expertise in performing the test. We observed that for
fluconazole, the 100% reading was not accurate, as expected
for a fungistatic drug, since it can reach values higher than
the highest concentrations tested. However, for amphoteri-
cin B, the 100% reading was more accurate, as expected
for a fungicidal drug, as it completely inhibits the growth
of this yeast.

As shown in Table 2, for fluconazole, the MIC values
ranged from 0.125 to >64 pg/mL. In contrast, for ampho-
tericin B, the MIC range was 0.06—4 pg/mL. Notably, the
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Table 2 MIC (Minimum Inhibitory Concentration) results for fluconazole and amphotericin B against Trichosporon samples. Samples labeled
as “N” demonstrated enough growth at only one of the tested temperatures, failing to grow at the other temperature, which made it impossible to
assess susceptibility under that specific condition. Each color represents a species: blue (Cutaneotrichosporon mucoides | T. mucoides), orange
(Cutaneotrichosporon jirovecii / T. jirovecii), red (I. coremiforme), green (1. japonicum) and yellow (I asahii). Range represents the interval of
values, while MICs, and MIC,, refer to the minimum concentrations required to inhibit the growth of 50% and 90% of the samples, respectively

MIC (pg/mL)
Fluconazole Ampbhotericin B
24 hours 48 hours 24 hours 48 hours
Strain 30°C 37°C 30°C 37°C 30°C 37°C 30°C 372C€
Number 50% 100% 50% 100% 50% 100% 50% 100% 50% 100% 50% 100% 50% 100% 50% 100%
1 4 16 1 2 4 16 1 4 0.5 1 0.5 1 0.5 2 0.5 1
2 8 16 4 16 8 16 4 16 0.25 0.5 0.25 0.5 0.5 1 0.25 0.5
3 8 16 1 4 8 16 1 4 0.25 0.5 0.5 0.5 0.25 1 0.25 1
4 30 64 4 >64 32 >64 4 >64 0.5 1 0.5 0.5 0.5 1 0.5 1
5 8 16 1 16 8 16 2 16 0.25 1 0.25 0.5 0.5 1 0.5 1
6 8 64 4 ) 8 64 8 64 0.5 1 0.25 0.5 0.5 1 0.5 1
7 8 16 2 4 8 16 2 8 0.5 1 0.25 0.5 0.5 1 0.25 1
8 8 >64 0.5 4 8 >64 1 4 0.5 1 0.25 0.5 0.5 1 0.25 1
9j 1 2 2 4 N 0.5 1 N 0.5 1 N
10 1 2 1 2 N 0.25 0.5 N 0.5 1 N
11 1 2 1 2 N 0.25 1 N 0.5 1 N
8
4
15 4 8 0.125 4 8 16 0.5 4 0.5 1 0.5 1 0.5 2 1 2
16 2 8 0.125 4 8 16 2 16 0.25 1 0.5 1 0.5 2 1 2
17 4 8 1 4 4 16 1 4 0.125 0.5 0.125 0.5 0.25 1 0.5 1
18 32 64 8 64 32 >64 8 >64 0.5 1 0.5 1 0.5 1 0.5 1
19 4 8 1 2 4 16 1 8 0.25 1 0.125 0.5 0.25 1 0.5 1
20 2 8 0.5 1 4 16 0.5 2 0.25 0.5 0.5 1 0.25 1 0.5 1
21 8 16 1 2 8 16 1 4 0.25 0.5 0.5 2 0.5 1 1 2
22 4 16 1 2 4 16 1 4 0.06 0.125 0.25 0.5 0.25 0.5 0.25 1
23 8 16 1 2 8 16 1 4 0.125 0.25 0.25 0.5 0.25 0.5 0.25 1
24 8 32 4 8 8 32 4 8 0.5 1 0.5 1 0.5 1 1 2
25 8 32 4 8 8 32 4 8 0.5 1 0.5 1 0.5 1 1 2
26 4 16 1 4 4 16 1 4 0.5 1 0.5 1 0.5 1 0.5 1
27 4 16 1 2 4 16 2 4 0.25 I 0.5 1 0.5 1 0.5 1
28 4 8 1 4 8 16 1 4 0.5 1 0.5 1 1 1 0.5 1
29 4 8 1 2 8 16 1 8 0.5 1 0.5 1 1 1 1 2
30 4 8 1 8 8 16 1 8 0.5 1 0.5 1 1 2 1 2
31 N 0.5 1 N 0.5 2 0.25 0.5 0.5 1
32 8 16 1 4 8 16 1 4 0.06 0.125 0.25 1 0.25 1 1 4
33 8 16 0.5 4 8 16 1 4 0.5 1 0.5 1 0.5 2 0.5 2
Range 1-32 2->64 | 0.125-8 | 1->64 1-32 2->64 0.25-8 2->64 0.06-0.5 | 0.125-1 | 0.125-0.5 0.5-2 | 0.25-1 0.5-2 | 0.25-1 0.5-4
MICso 4 16 1 4 8 16 1 4 0.5 1 0.5 1 0.5 1 0.5 1
MICoo 8 64 4 16 8 64 4 64 0.5 1 0.5 1 1 2 1 2

highest MIC values (32 pg/mL for fluconazole and 4 pg/mL
for amphotericin B) were predominantly observed against
Cutaneotrichosporon mucoides (formerly T. mucoides) and
T. asahii at 30 °C / 50% reading / 48 h for fluconazole, and
for 7. asahii at 37 °C / 100% reading / 48 h for amphotericin
B (Table 2).

Considering both antifungal agents under the tested con-
ditions, several interesting results were observed (Table 2).
For fluconazole, the highest MICs, and MIC,,, following
the previously defined parameters, were 8 pg/mL at 48 h,

@ Springer

30 °C, and 50% inhibition as the reading breakpoint. For
amphotericin B, the highest MICs, and MIC,,, following
the previously defined parameters, were 1 ug/mL and 2 pg/
mL, respectively, at 48 h, 37 °C, and 100% inhibition as the
reading breakpoint.

Table 3 provides a summary of these results, showing
the specific conditions under which the best MIC values (as
observed in this study) were recorded for both fluconazole
and amphotericin B. Despite the significant variation in the
results, this study aimed to discuss the optimal conditions



Brazilian Journal of Microbiology

Table 3 Comparison of MIC results for clinical antifungals fluconazole and amphotericin B

Fluconazole

Amphotericin B

Reading breakpoint of 50% growth inhibition
Reading at 2448 h of growth
Highest MIC values at 30 °C

Reading breakpoint of 100% growth inhibition
Reading at 48 h of growth
Highest MIC values at 37 °C

Table 4 Distribution of MIC range, MICso and MICyo values for fluconazole and amphotericin B among species, considering only the optimal con-
ditions established in this study—37°C, 48 hours, with 50% growth inhibition for fluconazole and 100% inhibition for amphotericin B. Samples
labeled as “-” did not exhibit sufficient growth at the tested temperature, preventing susceptibility assessment under these specific conditions

Species MIC Range MICs, MIC,,
Fluconazole

Trichosporon asahii 0.5-8 pg/mL 1 pg/mL 4 pg/mL
Cutaneotrichosporon mucoides (Trichosporon mucoides) 1-8 ng/mL 2 pg/mL 4 pg/mL
Trichosporon japonicum 0.25-8 pg/mL 0.5 pg/mL 2 pg/mL
Cutaneotrichosporon jirovecii - - -
(Trichosporon jirovecii)

Trichosporon coremiforme 1 pg/mL 1 pg/mL 1 pg/mL
Amphotericin B

Trichosporon asahii 1-4 pg/mL 1 pg/mL 2 ug/mL
Cutaneotrichosporon mucoides (Trichosporon mucoides) 0.5-1 pg/mL 1 pg/mL 1 pg/mL
Trichosporon japonicum 1-2 pg/mL 1 pg/mL 2 pg/mL
Cutaneotrichosporon jirovecii - - -
(Trichosporon jirovecii)

Trichosporon coremiforme 1 pg/mL 1 pg/mL 1 pg/mL

for evaluating the antifungal susceptibility of Trichosporon
spp.

Based on the results, this study discussed and established
the optimal conditions for evaluating the antifungal suscep-
tibility of Trichosporon spp. Under these conditions, Table 4
presents the MIC Range, MICso, and MICoo values for flu-
conazole and amphotericin B among species. The values
were determined at 37 °C for 48 h, using 50% growth inhi-
bition for fluconazole and 100% inhibition for amphoteri-
cin B. Among the species, Cutaneotrichosporon mucoides
(Trichosporon mucoides) showed the highest MIC values
for voriconazole, with a range of 1-8 pg/mL, an MICso of
2 pg/mL, and an MICso of 4 pg/mL. In contrast, Trichospo-
ron asahii exhibited the highest MIC values for amphoteri-
cin B, with arange of 1-4 pg/mL, an MICso of 1 ng/mL, and
an MICso of 2 png/mlL.

Discussion

In the review by Mehta et al. [2] and other referenced stud-
ies, a significant variation was observed in the parameters
used for susceptibility assays with Trichosporon spp. This
variation highlights the lack of standardization in suscep-
tibility testing for this genus, including the inconsistency
in tests conducted with the substances commonly used for
the treatment of fungal infections, such as fluconazole and
amphotericin B [3, 13, 16, 17].

In this study, the CLSI methodology was employed with
certain modifications applicable to this genus [12]. Despite
the observed variation, the MICy, and MICy, values in this
study were generally consistent with those described in the
literature so far, demonstrating some effectiveness. How-
ever, the results of this study also highlight some elevated
values that may indicate potential resistance, as previously
reported in the literature (32 pug/mL for fluconazole and
4 pg/mL for amphotericin B). These are important factors to
consider when discussing precise and effective treatment for
a life-threatening invasive disease [2, 3, 13, 16, 17].

In the absence of interpretative breakpoints or epidemio-
logical cutoff values (ECVs) for Trichosporon and antifun-
gal agents, several studies have also applied adapted CLSI
guidelines [12] to generate in vitro susceptibility data.
Among these, Guo et al. [ 18], Wongsuk et al. [19], and Kuo
et al. [20] reported consistently elevated fluconazole MICs
(>8 png/mL) and high amphotericin B MIC values (ranging
from 4 to > 16 pg/mL), which are in line with the findings of
the present study. In a more recent study (2025), de Souza
et al. [21] reported fluconazole MIC values ranging from
0.5 to 8 pg/mL and amphotericin B MICs from 0.125 to
>16 ug/mL, also consistent with the data presented here.
However, it is important to emphasize that these studies
did not employ fully standardized protocols, which limits
the direct comparability of the evaluated conditions and the
resulting data. This reinforces the relevance of the present
study and underscores the urgent need to standardize anti-
fungal susceptibility testing for Trichosporon spp.

@ Springer
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Therefore, in this study, we will now discuss the optimal
conditions for this susceptibility test. The isolates exhib-
ited higher MIC values against fluconazole when incubated
at 30 °C. As a fungistatic agent, the reading breakpoint to
determine the MIC is 50% growth inhibition, although both
50% and 100% inhibition were observed visually. Impor-
tantly, no significant difference was found between the MIC
results at 24 h and 48 h of fluconazole incubation, suggest-
ing that extended incubation does not affect the antifungal
susceptibility results for Trichosporon spp. under these con-
ditions. As previously demonstrated for other fungi [12].

Conversely, for amphotericin B, the highest MIC values
were recorded at 37 °C. As a fungicidal compound, the read-
ing breakpoint to establish the MIC should be 100% growth
inhibition, despite visual readings showing both 50% and
100% inhibition. A significant difference was observed
between the MIC results at 24 h and 48 h of incubation, with
most isolates doubling the MIC value after 48 h. This sug-
gests that extended incubation may be necessary for more
accurate susceptibility testing of Trichosporon species when
using amphotericin B.

These findings are consistent with existing literature,
which indicates that at physiological temperature (37 °C),
Trichosporon species are generally more susceptible to
azoles than to polyenes (observed during the susceptibility
test and treatment of trichosporonosis). Moreover, differ-
ent MIC values are observed in literature depending on the
species. In this study, aligning with what has been previ-
ously described, we observed that some species (such as T.
mucoides and T. asahii) present higher MIC values [2, 17].
Additionally, we present the distribution of key MIC val-
ues among the species, highlighting that the MIC values for
fluconazole and amphotericin B were higher in 7. mucoides
and 7. asahii compared to the other species.

Furthermore, as established in standardized protocols for
other yeasts, it is important to apply a 50% growth inhibi-
tion threshold for fungistatic drugs and a 100% threshold for
fungicidal drugs, in accordance with the CLSI guidelines
[12]. In this context, although this study discusses various
experimental conditions, the results obtained for fluconazole
and amphotericin B align with the standardized approach
recommended by the CLSI for other yeasts.

Also, as environmentally opportunistic yeasts capable
of adapting, Trichosporon species can exhibit different
metabolic rates depending on the situation or environmental
conditions. In this way, variability in growth rates observed
within the standard incubation period (also temperature) can
affect susceptibility test outcomes. Some isolates, or even
entire species, may show different rates of growth in dif-
ferent conditions, potentially influencing MIC readings and
results [2].

@ Springer

Regarding the time differences during the incubation
period, it is important to highlight that the variations were
not only observed in the presence of the drug, but also in the
growth controls of the experiment. This suggests that the
observed variations are not solely attributable to the effects
of the antifungal agents, but that longer incubation periods
influence the fungal fitness.

Some isolates did not grow adequately at 37 °C, which
hindered the determination of MICs under this condition.
As 37 °C corresponds to the physiological temperature of
the human body, this finding is particularly noteworthy.
The reduced and delayed growth at this temperature may
have taxonomic implications related to the specific species
involved, could represent an artifact of in vitro conditions,
or may reflect the predominantly environmental origin of
the samples involved. However, none of these hypotheses
can be confirmed at this stage, as no studies addressing this
phenomenon are currently described. Notably, Trichospo-
ron jirovecii has been reported both as part of the human
microbiota and as a opportunistic pathogen, demonstrat-
ing its ability to grow well at 37 °C [22-24]. Therefore,
based on this available data, the most plausible explanation
for the limited growth in our study is the influence of in
vitro conditions, possibly combined with the environmental
origin of the isolates. It is also worth mentioning that, to
date, Trichosporon austroamericanum is the only species
reported in the literature to have been exclusively isolated
from a single source (or temperature in some way)—clinical
samples—whereas most Trichosporon species are generally
ubiquitous [25].

However, based on the evaluation of these results, this
study identified optimal conditions for performing sus-
ceptibility assays with Trichosporon spp. We recommend
performing susceptibility assays using 48 h of incubation
at 37 °C (clinical context), with 50% and 100% inhibition
reading breakpoints for fluconazole and amphotericin B,
respectively. Still, these conclusions may also be applicable
to other antifungal agents within these drug classes (azoles
and polyenes). Nevertheless, it is important to note that
these parameters are already described in the CLSI docu-
ments for other yeasts [12]. It is an interesting observation,
since the method will not require huge adaptation for clini-
cal laboratories.

Furthermore, the discussion in this work is of utmost
importance, especially considering that there are currently
two main issues related to the lack of a standardized sus-
ceptibility test: the absence of interpretive breakpoints for
establishing susceptibility/resistance and the lack of clinical
application of susceptibility assays to guide the prescription
of antifungal treatments for patients. Therefore, there is a
need for standardized testing methods (CLSI) and a better
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understanding of antifungal susceptibility to improve the
treatment of Trichosporon infections.

Based on our data, the parameters recommended by CLSI
for other yeasts—such as incubation time, temperature, and
inhibition reading—are also applicable to Trichosporon spp.
This finding supports the notion that only minimal adapta-
tions are needed for applying current standardized meth-
ods to Trichosporon in clinical laboratories. However, it is
important to highlight that the establishment of interpreta-
tive breakpoints or epidemiological cutoff values (ECVs)
for Trichosporon and antifungal agents remains an urgent
need.

Conclusion

In conclusion, the variations observed in our susceptibility
assays underscore the need for a standardized approach to
evaluate Trichosporon susceptibility. The findings of this
study suggest optimal conditions for susceptibility testing
in the clinical context, which appear to align well with the
parameters already established by CLSI for other yeasts. In
addition, our data underscore the need for further studies
to establish a standard method for evaluating the antifungal
susceptibility of Trichosporon spp., which will enable the
calculation of antifungal epidemiological cutoff values and,
possibly, the determination of interpretive breakpoints for
susceptibility/resistance.
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5. Capitulo 3

Com objetivo de avaliar e investigar a resisténcia in vitro e in vivo do género
Trichosporon sob a luz da Satde Unica, foi elaborado e sera submetido o artigo A One Health
Approach to Study Trichosporon spp. Resistance to Antifungals na revista Science of the Total
Environment ainda no ano 2025. Para finalizar, este artigo representa a integragdo dos dois
anteriores, explorando de forma aplicada a resisténcia do género Trichosporon abordada no
primeiro capitulo, por meio da metodologia padronizada no segundo. Com o objetivo de avaliar
e investigar a resisténcia in vitro e in vivo sob a perspectiva da Satde Unica, foram conduzidos
ensaios experimentais que permitiram compreender o comportamento do fungo frente aos
principais antifungicos clinicos. Entre os principais resultados, foi detectada resisténcia in vitro,
incluindo uma possivel resisténcia cruzada a agroquimicos e desinfetantes, a qual também se
manteve nos ensaios in vivo realizados em camundongos. Além disso, os experimentos em
modelo animal evidenciaram uma relagdo entre resisténcia, viruléncia e falha terapéutica,
sugerindo paralelos com infeccdes humanas. Esses achados reforcam a importancia da
abordagem integrada da Saide Unica neste estudo e destacam a relevancia do género

Trichosporon no contexto das infec¢des flingicas emergentes e resistentes.
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Abstract: The One Health concept emphasizes the interconnectedness of human, animal, and
environmental health, highlighting the importance of integrated approaches to address antimicrobial
resistance. Opportunistic yeasts, particularly Trichosporon species, have gained attention for their
ability to cause invasive infections and exhibit antifungal resistance, especially in immunocompromised
patients. These yeasts, widely distributed in the environment and commensally in animals, may develop
resistance after exposure to antifungals, agrochemicals, or disinfectants, affecting trichosporonosis
treatment. In this context, we evaluated the in vitro and in vivo resistance in a collection of 33
Trichosporon isolates obtained from patients, animals, and related environments in Brazil within a One
Health framework. 7. asahii was the most prevalent species, while others displayed more restricted
ecological niches. Minimal inhibitory concentration testing revealed that several isolates, predominantly
T. asahii, were resistant to clinical antifungals and suggested potential cross-resistance with
agrochemicals and disinfectants. This resistant phenotype was also confirmed in a murine
trichosporonosis model, where mice infected with some resistant strains exhibited higher fungal burdens
and increased dissemination into the central nervous system, linking antifungal resistance to enhanced
virulence. Moreover, these selected resistant isolates displayed higher growth and biofilm formation at
host temperature, whereas other isolates showed lower proliferation consistent with susceptibility assay
results. Overall, these findings highlight the multifactorial nature of antifungal resistance in
Trichosporon and its clinical and public health implications. They reinforce the urgent need to
standardize susceptibility testing and cutoff values, implement integrated surveillance systems, and
promote responsible use of antifungals, agrochemicals, and disinfectants under a One Health framework.
Keywords: Trichosporon spp., antifungal resistance, cross-resistance, One Health, in vitro, in vivo,

Brazil.
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1. Introduction

The One Health concept has gained increasing relevance in recent years as an integrated approach to
human, animal, and environmental health [38, 40—42]. In this context, emerging diseases involving opportunistic
yeasts and antifungal resistance underscore the urgent need for coordinated strategies that bridge disciplines and
sectors [35-42]. Among these pathogens, yeasts of the ubiquitous genus 7Trichosporon have gained growing
attention over the last decade due to their association with antifungal resistance and invasive or disseminated
infections, particularly in immunocompromised patients [1-6, 17, 40].

By fostering collaboration among medical, veterinary, and environmental sciences, the One Health
framework enables a comprehensive investigation into how exposure of opportunistic yeasts to antimicrobials,
agrochemicals, and disinfectants may contribute to the development of clinical antifungal resistance. Such
exposures can precondition yeasts and activate stress-response mechanisms, potentially inducing resistance and
cross-resistance, as observed in Aspergillus, Candida, and Cryptococcus [35-40]. Considering that Trichosporon
species are ubiquitous in environment and occur as commensals in animals, this perspective is particularly
pertinent, as resistance in this genus may be influenced by substances routinely used in human medicine,
veterinary, and agriculture [17, 40].

Although most Trichosporon species are harmless commensals colonizing the skin and gastrointestinal
tract of humans, as well as other mammals and birds, they can become pathogenic under conditions of host
imbalance, particularly 7. asahii [1-6]. Pathogenicity is driven by specific virulence factors and metabolic
adaptability, with infections occurring both as primary opportunistic infections, for example, in transplant or
chemotherapy patients, and as secondary or co-infections associated with conditions such as HIV and COVID-19
[1-7, 10-13]. Superficial infections, such as white piedra, are generally common in immunocompetent individuals
and have a favorable prognosis, whereas invasive and disseminated 7richosporon infections, such as fungemia,
carry high mortality rates (40-60%) in immunocompromised patients, particularly when inappropriate therapy is
administered in the context of antifungal resistance [14, 15].

In this scenario, antifungal susceptibility testing for Trichosporon is typically performed using the broth
microdilution method according to Clinical and Laboratory Standards Institute guidelines [16]. These tests aim to
evaluate the effectiveness of various antifungals as potential therapeutic agents [2, 17]. However, standardized
susceptibility testing for this genus remains incomplete, and the response of many Trichosporon species to
commonly used antifungals is still poorly characterized. Available studies indicate that Trichosporon isolates are

generally more susceptible to triazoles, particularly voriconazole, than to polyenes, exhibit intrinsic resistance to
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echinocandins, while flucytosine is not recommended. Susceptibility profiles can vary depending on the species
[2, 17-23]. Collectively, these findings support voriconazole as the current first-line therapy for trichosporonosis,
especially in severe infections such as those involving the central nervous system [24]. Combination therapy with
amphotericin B may improve outcomes in resistant cases [25]. Despite these therapeutic recommendations, the
mechanisms underlying resistance to azoles and polyenes in Trichosporon remain incompletely understood.
Proposed mechanisms include efflux pump activity, biofilm formation, mutations, alterations in membrane lipids,
and metabolic adaptations, all of which may contribute directly to therapeutic failure [17, 26—-34].

Overall, the study of Trichosporon through a One Health lens highlights the complex interplay between
environmental exposure, antifungal resistance, and clinical outcomes, emphasizing the need for integrated
surveillance and intervention strategies across human, animal, and environmental health sectors. In this study,
Trichosporon isolates collected from patients, animals, and related environments in Brazil were analyzed, and their
susceptibility was assessed to investigate both in vifro and in vivo resistance. Given the high degree of intrinsic
and acquired resistance in this genus, particularly in the context of therapeutic failure, this research is of critical
importance, especially considering the alarming scenario of invasive trichosporonosis within a One Health

framework.

2 Materials and Methods

2.1. Samples

In this study, we evaluated the susceptibility of 33 Trichosporon spp. isolates to clinical antifungals,
agrochemicals, and disinfectants. In addition, four reference strains were used as controls due to their clinical
relevance and CLSI validation: Cryptococcus neoformans H99, Cryptococcus gattii R265, Candida glabrata
ATCC 2001, and Candida albicans SC5314 (ATCC MYA-2876D-5) [16, 40, 43, 44]. The isolates were obtained
from human patients, hospital environment, animals (poultry and swine, including oral, cloacal, and rectal
samples), and their environmental sources across various states in Brazil (MG, RN, MS, and CE), following
approval from the respective ethics committees (CEUA protocol 7/2023 and COEP protocol CAAE
70201223.6.3001.5124). Samples were cultured and isolated on Sabouraud Dextrose Agar (SDA) supplemented
with chloramphenicol and CHROMagar, identified by MALDI-TOF MS, and stored in Brain Heart Infusion (BHI)
medium supplemented with 20% glycerol at =80 °C [16, 21, 40] (Table 1). The collection is deposited in the
Brazilian National System for the Management of Genetic Heritage and Associated Traditional Knowledge

(SISGEN, code AA7A6D7).
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A recent taxonomic revision reassigned some species previously isolated in this study to the genus
Cutaneotrichosporon (C. jirovecii and C. mucoides) [8, 9]. However, based on the MALDI-TOF identification
results obtained in this study, these isolates will continue to be included in the analysis, while also being referred

to by their updated genus names (Table 1).

Table 1: Identification and description of the samples.

Sample Code MALDI-TOF Identification Origin Source State
Al-2 Trichosporon asahii Animal Poultry oral / cloacal swab MG
Al-5 Trichosporon asahii Animal Poultry oral / cloacal swab MG

Trichosporon mucoides

Al-7 (C. mucoides) Animal Poultry oral / cloacal swab MG
Trichosporon mucoides

Al-9 (C. mucoides) Animal Poultry oral / cloacal swab MG
Trichosporon mucoides

Al-14 (C. mucoides) Environmental Poultry waterer / feeder MG
Trichosporon mucoides

Al-22 (C. mucoides) Environmental Poultry waterer / feeder MG
Trichosporon mucoides

Al1-23 (C. mucoides) Environmental Poultry waterer / feeder MG
Trichosporon jirovecii

Al-24 (C. jirovecii) Environmental Poultry waterer / feeder MG
Trichosporon mucoides

A2-5 (C. mucoides) Environmental Poultry waterer / feeder MG

Trichosporon mucoides

A2-7 (C. mucoides) Environmental Poultry waterer / feeder MG
A3-10 Trichosporon japonicum Environmental Poultry waterer / feeder MG
A3-17 Trichosporon coremiiforme Animal Swine oral / rectal swab MG
A3-28 Trichosporon japonicum Animal Swine oral / rectal swab MG
346B Trichosporon asahii Animal Swine oral / rectal swab CE
362B Trichosporon asahii Animal Poultry oral / cloacal swab CE
C226 Trichosporon asahii Animal Swine oral / rectal swab CE

PHS Trichosporon asahii Human Auricular CE
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Trichosporon mucoides

7L (C. mucoides) Human Blood RN
314L Trichosporon asahii Environmental Poultry excrement RN
356L Trichosporon asahii Environmental Swine waterer / feeder RN
359L Trichosporon asahii Environmental Swine waterer / feeder RN

Trichosporon jirovecii
361L (C. jirovecii) Environmental Poultry waterer / feeder RN

Trichosporon jirovecii

368L (C. jirovecii) Animal Swine oral / rectal swab RN
10F Trichosporon asahii Animal Poultry oral / cloacal swab MS
18F Trichosporon asahii Animal Poultry oral / cloacal swab MS
196 Trichosporon asahii Human Urine MS
6A4 Trichosporon asahii Animal Poultry oral / cloacal swab MS
Ta9 Trichosporon asahii Human Urine MS
Tal4F Trichosporon asahii Environmental Poultry waterer / feeder MS
TaS7F Trichosporon asahii Animal Poultry oral / cloacal swab MS
Ta92 Trichosporon asahii Human Urine MS
105* Trichosporon japonicum Environmental Hospital environment MS
105B Trichosporon japonicum Environmental Hospital environment MS

2.2. Susceptibility testing against clinical antifungals, agrochemicals, and disinfectants

2.2.1. Antifungals

For the determination of the minimum inhibitory concentration (MIC), yeast susceptibility was assessed
using the broth microdilution method, following the CLSI guidelines [16] with adaptations [52]. The clinical
antifungals fluconazole, voriconazole, itraconazole, micafungin, and amphotericin B; the agrochemicals
tebuconazole, pyraclostrobin, mancozeb, and carbendazim; and the disinfectants didecyldimethylammonium
(DDA) chloride and benzalkonium (BZK) chloride were obtained from Sigma-Aldrich. Stock solutions (5.000
pg/mL) were prepared in DMSO, followed by serial dilutions in RPMI 1640 medium buffered with MOPS. The
final concentration ranges were tested as follows: voriconazole (0.008—4 pg/mL), micafungin (0.015—-8 pg/mL),
amphotericin B and itraconazole (0.03—16 pg/mL), DDA chloride, BZK chloride, pyraclostrobin, carbendazim,

and mancozeb (0.06—32 pg/mL), and fluconazole and tebuconazole (0.125-64 pg/mL) [16, 35-37, 40].
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2.2.2. Inoculum preparation

The inoculum was first prepared by culturing isolates on SDA at 37 °C for 48 h. Colonies were then
suspended in 3 mL of 0.9% saline, homogenized, and left to decant for 5 min to reduce clumping. From this, 2.5
mL of the supernatant was collected, and the transmittance was adjusted to 75—77% at 530 nm, corresponding to
1-5 x 10° cells/mL. This suspension was subsequently diluted in RPMI, yielding a final inoculum concentration
of 1-5 x 10% cells/mL. The inoculum was then dispensed into 96-well flat-bottom microplates containing the

serially diluted compounds [16, 21, 40, 43, 44, 52].
2.2.3. Susceptibility test conditions

Plates were incubated at two temperature conditions (30 °C and 37 °C) for 48 h. MICs were determined
visually using two criteria: 50% growth inhibition for azoles and complete (100%) growth inhibition for the other
compounds. In addition, MIC ranges, MICso, and MICso values were calculated, defined respectively as the interval
of observed MICs, and the minimum concentrations required to inhibit the growth of 50% and 90% of the isolates
[16, 21, 40, 43, 44, 52]. Furthermore, for the analyses and identification of samples considered resistant in this
study, specific cutoff values were used. These values were established based on literature references and on the
mean MIC values multiplied by a factor of two to four for each compound considering both temperatures values

[2,3, 17-25, 35, 36, 40, 54-56] (Table 2).

Table 2: Cutoff values considered in this study.

ng/Ml
Voriconazole >0.125

Fluconazole >8
Itraconazole >1
Ampbhotericin B >]
Micafungin 8
Tebuconazole >2
Pyraclostrobin >8

Mancozeb >16

Carbendazim >16
DDA chloride >8

BZK chloride >16
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2.3. Invitro growth curve

Cell proliferation was evaluated using a growth curve assay by measuring absorbance at 600 nm after
incubation in RPMI medium for 24 to 72 h for the 33 strains. Sterile flat-bottom 96-well plates were prepared with
RPMI in each well, including five replicates per strain and one sterility control containing only RPMI. Inoculum
for all 33 isolates was prepared as described in section 2.2.2, diluted in RPMI to 1-5 x 10* cells/mL, and then
added to the appropriate wells. Plates were incubated in a humidified chamber at 30 °C and 37 °C for 72 h, with
optical density readings taken at 0, 24, 48, and 72 h to assess cell proliferation and growth [51]. All samples were

analyzed, and the results are presented as the growth at 48h of protocol.

2.4. In vitro biofilm formation

Cell viability and metabolic activity were evaluated using a biofilm formation assay by measuring
absorbance at 492 nm after adding XTT and menadione to biofilms formed over 48 h. Sterile flat-bottom 96-well
plates were prepared with RPMI in each well, including three replicates per strain and one sterility control
containing only RPMI. Inoculum for all 33 isolates was prepared as described in section 2.2.2, and 1-5 x 10°
cells/mL were then added to the designated wells. Plates were incubated at 30 °C and 37 °C for 1 h without
agitation to allow cell adhesion. After removing the supernatant and washing with saline, RPMI was added again,
and plates were incubated without agitation for 24 h to promote biofilm formation. The washing and medium
renewal steps were repeated, followed by an additional 24 h incubation. After 48 h, wells were washed three times
with saline, and XTT with menadione was added to assess cell viability and metabolic activity. Plates were
incubated in the dark at 30 °C and 37 °C for 2 h, and optical density readings were measured to indirectly quantify

biofilm formation based on cellular metabolic activity [30].

2.5. Antifungal resistance in murine model

Male C57BL/6 mice (6—8 weeks old, 20-25 g) were obtained from the Central Animal Facility of the
Federal University of Minas Gerais (CEUA Protocol 323/2024). Animals were immunosuppressed with
intraperitoneal injections of 5-fluorouracil (75 mg/kg/day) for three consecutive days [46]. On day four, mice were
intravenously infected via the lateral tail vein with 1 x 10° viable yeast cells (5 pL suspension) using a

microsyringe. This assay was performed only with selected isolates identified throughout the study, considering
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all characteristics associated with resistance evaluated here, and including both susceptible and resistant controls.
The susceptible group comprised 7. asahii Ta57F, C. mucoides (Trichosporon mucoides) A1-9, and T. japonicum
A3-10, while the resistant group included 7. asahii Ta9, T. asahii A1-2, C. mucoides (Trichosporon mucoides)
Al-14, and T. japonicum 105B. All resistant isolates were further divided into untreated and treated subgroups.
Treated groups received fluconazole (10 mg/kg/day) or amphotericin B (0.5 mg/kg/day) 24 h post-infection,
depending on their previously detected resistance profile. Mice were monitored daily, and body weight was
recorded until euthanasia (at the 10" day of the protocol). Spleen, kidney, liver, and brain were collected for

colony-forming unit (CFU/g) counting [44-50].

2.6. Statistical analysis and Data visualization

Statistical analyses and data visualization were performed using GraphPad Prism (GraphPad Inc., San
Diego, CA, USA), RStudio (Posit Software, PBC, Boston, MA, USA), and BioRender (BioRender.com). Maps,
pie charts, and column or curve graphs were generated in GraphPad Prism and RStudio, depending on the type of
data and visualization required. Heatmaps were created in RStudio using appropriate packages to illustrate
variations in quantitative data, such as MIC values and cutoff points across isolates, compounds, and conditions.
Figures and schematic representations were prepared in BioRender. All data were analyzed using Student’s t-test

or analysis of variance (ANOVA), with statistical significance defined as p < 0.05.

3. Results
3.1. Epidemiologic data of the Trichosporon spp. isolates

Figure 1 illustrates the epidemiology of the isolates collected from four different Brazilian states. Figure
1A shows the geographic distribution of isolates in the states of Minas Gerais (MG), Mato Grosso do Sul (MS),
Rio Grande do Norte (RN), and Ceard (CE). Figure 1B depicts the distribution of isolates from different sample

sources in relation to each species.
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Figure 1: Geographical distribution and epidemiology of Trichosporon isolates. (A) Geographic distribution and number of isolates in each state (MG, MS, RN, and CE), including the percentage of isolation by
species and sample origin in each state, as well as the overall distribution across Brazil. (B) Representation of the number of isolates from different sample sources in relation to each isolated species. Produced in RStudio.
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Overall, Trichosporon asahii was the most frequent species (52%), followed by C. mucoides
(Trichosporon mucoides) (24%), T. japonicum (12%), C. jirovecii (Trichosporon jirovecii) (9%), and T.
coremiiforme (3%). Regarding origin, 42% of isolates were obtained from animals, 42% from environmental
sources (animal and hospital), and 15% from humans. In Minas Gerais (N = 13), the most frequent species was C.
mucoides (Trichosporon mucoides) (54%), followed by T. asahii (15%), T. japonicum (15%), T. coremiiforme
(8%), and C. jirovecii (Trichosporon jirovecii) (8%). Most isolates were from environmental sources related to
animals (54%), followed by those from animals (46%). In Mato Grosso do Sul (N = 10), 7. asahii predominated
(80%), with T. japonicum representing 20%. Isolates were obtained from animals (40%), environmental sources
related to animals and hospital (30%), and humans (30%). In Rio Grande do Norte (N = 6), T. asahii was the most
frequent species (50%), followed by C. jirovecii (Trichosporon jirovecii) (33%) and C. mucoides (Trichosporon
mucoides) (17%) obtained from the animal environment (67%), animals (17%), and patients (17%). In Ceara (N
=4), T. asahii was the only species recovered (100%), with isolates originated from animals (75%) and human
patients (25%).

As depicted in Figure 1B, T. asahii was the most frequent species (n = 17), recovered from all sources
except hospital environments. C. mucoides (Trichosporon mucoides) accounted for 8 isolates, mainly from poultry
and their environments, as well as from human patients. 7. japonicum was represented by 4 isolates, distributed
among swine, their environments, and hospital settings. C. jirovecii (Trichosporon jirovecii) comprised 3 isolates,
all obtained from swine and related environments. Finally, 7. coremiiforme was the least frequent species, with
only one isolate obtained from swine. Overall, the data highlight 7. asahii as the dominant species across multiple

ecological niches, whereas other species exhibited a narrower and more niche-specific distribution.

3.2. Susceptibility analysis and Resistance screening

Following fungal identification, all isolates were subjected to broth microdilution assays to determine
their susceptibility to clinical antifungals (voriconazole, fluconazole, itraconazole, amphotericin B, and
micafungin), agrochemicals (mancozeb, carbendazim, tebuconazole, and pyraclostrobin), and disinfectants (DDA
chloride and BZK chloride). These results are displayed as heatmaps (Figure 2A—C) of MIC values for the 33

isolates at 30 °C and 37 °C against each group of compounds, as well as the MIC range, MICso, and MICso values.
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Figure 2: Heatmap of minimum inhibitory concentration (MIC) values of clinical antifungals, agrochemicals, and disinfectants for 33 Trichosporon isolates at 30 °C and 37 °C. (A) Clinical antifungals, (B)
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in RStudio.
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Overall, when comparing the five antifungals (Figure 2A), echinocandins were uniformly ineffective,
polyenes exhibited partial activity with frequent intermediate to high MIC values, and azoles were the most
effective, particularly voriconazole which consistently showed low MICs, and itraconazole, which displayed low
to intermediate values. For amphotericin B (AMB), values ranged from 0.5 to 2 pg/mL, with most isolates
represented in light blue and grey tones (0.5—1 pg/mL). In contrast, high MIC values were found for isolates 6A4,
7L, 18F, 105A, 105B, 356L, 359L, A1-5, and C226 (2 ng/mL - red). The highest value was observed for isolate
A1-2 (4 ng/mL - intense red). In contrast, the micafungin MIC of 8 pg/mL at both temperatures (intense red) were
obtained for all the strains, indicating intrinsic resistance. Furthermore, itraconazole MIC ranged from 0.25 to 1
pg/mL, mostly in intermediate to light blue and grey tones, indicative of low to intermediate inhibitory
concentrations, with no isolate exceeding the cutoff. In the case of fluconazole (FCZ), 0.5-8 pg/mL (dark blue to
grey tones) was found for most of the isolates, while high values (32 pg/mL - red) were found for A1-14 and Ta9
strains. Among all compounds, voriconazole (VCZ) provided the lowest MIC values (0.015-0.5 pg/mL),
predominantly in dark to light blue, with some grey (0.015-0.125 pg/mL), indicating high susceptibility. However,
MIC values of 0.5 pg/mL (highlighted in red) were found for isolates A1-14 and Ta9.

Figure 2B shows the heatmap for the agrochemicals MIC values. For carbendazim (CBZ), values ranged
between 4 and 16 pg/mL (intermediate to light blue and grey tones). However, high carbendazim MICs (>32
pg/mL) were obtained for the strains 105B and Ta9. Pyraclostrobin (PYR) exhibited low to intermediate MICs for
most isolates (1-8 pg/mL - dark blue to grey tones), whereas values >32 pg/mL (intense red) were found for
isolates 105B, 346B, Al-2, Al-5, C226, Tal4F, and Ta92. For mancozeb, MIC values were relatively
homogeneous, mostly 8—16 pg/mL (light blue and grey). Otherwise, tebuconazole (TEB) presented the lowest
MICs among the agrochemicals (0.125—4 png/mL), predominantly within the dark to light blue range (0.125-1
pg/mL), indicating high activity, except for MIC values of 4 pg/mL (red), which were found for two isolates (Ta9
and A1-14). Interestingly, this same phenomenon of reduced susceptibility found in these two isolates was also
observed for fluconazole and voriconazole, suggesting a cross-resistance phenotype. Similarly, pyraclostrobin and
carbendazim displayed elevated MIC values for isolates such as 105B, A1-2, Al-5, and C226, which also
demonstrated this same phenomenon of reduced susceptibility towards amphotericin B.

Regarding the disinfectants (Figure 2C), BZK chloride MIC values ranged from 4 to >32 pg/mL, with
marked variability among isolates. High concentrations (>32 pg/mL - red) were found for 105B, 346B, A1-2, Al-
5, and Ta9 strains. For DDA chloride, values were much narrower, most values within 1-8 pg/mL (dark blue to

grey tones), and none exceeded 8 ng/mL (cutoff), indicating higher susceptibility compared to BZK chloride.
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Overall, while some isolates displayed marked resistance to BZK chloride, all remained susceptible to DDA
chloride. These results also point to the cross-resistance of BZK chloride with antifungals and agrochemicals,
particularly in isolates 105B, A1-2, A1-5, Ta9, 7L, 356L, 359L, 18F, and C226.

Figure 2 also highlights temperature-dependent effects on both fungal growth and compound activity.
Three isolates (A1-24, 361L, and 368L) failed to grow sufficiently at 37 °C, while the isolate PH8 showed
insufficient growth at 30 °C. Some compounds also displayed temperature-dependent activity: MICs were higher
at 30 °C for fluconazole, voriconazole, and BZK chloride, but higher at 37 °C for amphotericin B and tebuconazole.
These findings indicate that both fungal growth and compound activity against Trichosporon are temperature
dependent, which has important implications for environmental persistence, host adaptation, and isolate origin.

Finally, Figure 2 also shows the cutoffs values (grey) considered in this study (Table 2). Using these
criteria, twelve isolates (A1-2, 105B, Ta9, A1-14, A1-5, 105A, C226, 7L, 356L, 359L, 6A4, and 18F) provided
high MICs for clinical antifungal (AMB, VCZ, or FCZ) and subsequently for an agrochemical (PYR, CBZ, or
TEB) and/or a disinfectant (BZK chloride). This approach was designed to illustrate the potential cross-resistance
of clinical antifungals, agrochemicals and/or disinfectants. For polyenes (AMB), potential cross-resistance was
detected with PYR (MIC > 8 pug/mL), CBZ and BZK chloride (MIC > 16 pg/mL). For azoles, potential cross-
resistance was observed with TEB (MIC =4 pg/mL), CBZ and BZK chloride (MIC > 16 pg/mL). Therefore, in
this study, these 12 strains were considered as resistant.

These findings suggest that uncontrolled environmental or animal exposure to these compounds may
induce acquired resistance in these yeasts, potentially reducing their susceptibility to therapeutic drugs during
infection—particularly through the induction of shared resistance mechanisms under stress.

In addition, three susceptible controls were included, representing the same species as the resistant

isolates: T. asahii Ta57F, C. mucoides (Trichosporon mucoides) A1-9, and T. japonicum A3-10.

3.3. Growth curves and biofilm formation

To further characterize the isolates, we performed additional assays to evaluate traits potentially
associated with antifungal tolerance and resistance. Overall, growth and biofilm formation did not show a direct
correlation with resistance; however, some resistant isolates—particularly 7. asahii Ta9, T. asahii Al1-2, C.
mucoides (Trichosporon mucoides) Al-14, and T. japonicum 105B —exhibited enhanced growth and biofilm

production at 37 °C, suggesting improved adaptation to host conditions.
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Figure 3 summarizes the results of growth and biofilm formation at 37 °C for these four resistant isolates
and the three susceptible controls (Ta57F, A1-9, and A3-10). In general, all resistant isolates displayed superior
growth (Figure 3A) and biofilm formation (Figure 3B) compared with susceptible controls. Among all samples,
isolate 105B showed the highest growth rate (Figure 3A, *), while A1-14 exhibited the greatest biofilm-forming
capacity (Figure 3B, *). As these phenotypic traits may reflect mechanisms contributing to antifungal resistance,
the four resistant isolates were selected for subsequent in vivo investigations under host-like conditions.

The selection followed a funneling strategy, beginning with isolate distribution by species and sources,
followed by narrowing to those exhibiting high MIC values and evidence of potential cross-resistance, and finally
prioritizing isolates showing enhanced growth and robust biofilm formation at 37 °C. By integrating these criteria,
the selected isolates represent phenotypes most relevant for studying antifungal resistance, stress adaptation, and
pathogenicity in Trichosporon, thereby ensuring that subsequent in vivo analyses focus on strains with the highest
clinical and biological relevance.

Figure 3 also presents the mean absorbance values (indicated by dotted lines) obtained from all 33 isolates
tested (represented in Supplementary Figure 1), serving as a reference for overall growth (~0.4 Abs) and biofilm
formation (~1.5 Abs) at 37 °C. This reference allows direct comparison between the selected isolates and the
population mean, highlighting their distinct phenotypic profiles that may contribute to their increased tolerance to

antifungal agents in host conditions.
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Figure 3: In vitro evaluation of growth curve and biofilm formation for the selected samples at host temperature. (A) Growth capacity
determined by measuring absorbance at 600 nm using a spectrophotometer after 48 h of incubation at 37 °C. (B) Biofilm formation assessed
by measuring absorbance at 492 nm using a spectrophotometer after 48 h of incubation at 37 °C. The selected isolates are organized into two
groups according to antifungal susceptibility: susceptible (Ta57F, A1-9, and A3-10) and resistant (Ta9, A1-2, A1-14, and 105B). All resistant
isolates showed significantly higher values compared with the susceptible controls (p < 0.05). Furthermore, isolates 105B and A1-14 exhibited
the highest overall values among all samples (*). The dotted line represents the mean value of the 33 samples. Data were analyzed and plotted
using GraphPad Prism with Student’s ¢-test and one-way ANOVA.
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Furthermore, supplementary Figure 1A shows that most isolates grew well at both 30 °C and 37 °C,
except for PH8, A1-24, 361L, and 368L, which exhibited reduced growth at one of the temperatures, consistent
with their lower proliferation observed in susceptibility assays. Supplementary Figure 1B indicates that all isolates
were capable of forming biofilms at both temperatures, with no apparent correlation to MIC values. Overall,
although no direct association was found between resistance, growth, or biofilm formation, the previously
mentioned resistant isolates exhibited enhanced performance at 37 °C, reinforcing their potential adaptation to host

conditions, as previously reported.

3.4. In vivo analysis of antifungal resistance in a murine model of Trichosporon infection

Based on previous in vitro data, four resistant isolates (Ta9, A1-2, A1-14, and 105B) and three susceptible
ones (TaS7F, A1-9, and A3-10) were selected for murine infection assays. Mice were immunosuppressed with 5-
fluorouracil (5-FU), as confirmed by a marked reduction in leukocyte counts (Figure 4A). On day 4 of the
experimental protocol, animals were inoculated with either resistant or susceptible isolates. Antifungal treatment

with fluconazole (FCZ) or amphotericin B (AMB) was initiated one day later in selected resistant groups.
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Figure 4: In vivo evaluation of immunosuppression, body weight variation, and fungal burden in a murine infection model. (A) Efficacy of immunosuppression achieved by intraperitoneal injection of 5-fluorouracil
(75 mg/kg) for three consecutive days (p < 0.05). (B) Body weight variation (%) throughout the 10-day experimental period in mice infected with susceptible (TaS7F, A1-9, and A3-10) or resistant isolates (Ta9, A1-2,
Al-14, and 105B), and in resistant groups treated with amphotericin B (0.5 mg/kg/day) or fluconazole (10 mg/kg/day). Asterisks in the line graphs indicate significant differences compared with non-infected (NI) controls
(p <0.05). The experimental timeline is represented by the dotted line: three days of immunosuppression, infection on day 4, and treatment starting on day 5 and continuing until euthanasia (day 10). (C—F) Fungal burden
in the spleen, kidney, liver, and brain, respectively, expressed as colony-forming units (CFU/g). Asterisks and dotted lines in panels (C) and (F) indicate statistically significant differences between the respective groups
(p <0.05). Each group had 6 mice. ND indicates no detectable growth. Data was analyzed and plotted using GraphPad Prism, applying Student’s ¢-test and one-way ANOVA.
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All animals exhibited progressive weight loss from days 1 to 4, which intensified following infection;
however, gradual recovery began around day 6 (Figure 4B). Only the groups infected with A3-10, A1-14 + FCZ,
and A1-2 + AMB displayed significantly delayed recovery compared to non-infected (NI) controls (Figure 4B, *),

whereas the remaining groups recovered similarly to NI.

Susceptible isolates (TaS7F and A1-9) caused mild infections characterized by rapid weight recovery and
low fungal burdens (Figure 4B—F). In contrast, mice infected with A3-10 exhibited slower recovery despite a low
fungal load, suggesting the involvement of additional host—pathogen interactions (Figure 4B—F). Overall, lower

virulence appeared to correlate with antifungal susceptibility.

Fungal burden analysis among resistant isolates revealed marked inter-isolate variability. Notably, T.
asahii A1-2 showed a higher spleen CFU count than 7. asahii Ta9 (Figure 4C, *), indicating variability in virulence

potential among resistant strains of the same species, likely associated with strain-specific traits.

Mice infected with resistant A1-14 and treated with FCZ, or with resistant A1-2 and treated with AMB,
exhibited impaired body weight recovery (Figure 4B, *), consistent with the elevated fungal burdens detected in
multiple organs (Figure 4C—F). In some instances, antifungal therapy appeared to exacerbate infection, as observed
for A1-2 versus Al1-2 + AMB (Figure 4C, *) and 105B versus 105B + AMB (Figure 4F, *), the latter showing
pronounced CNS involvement and extensive fungal dissemination. Notably, the resistant isolate A1-2 (MIC = 4
pg/mL) displayed greater virulence than 105B (MIC = 2 pg/mL) under AMB treatment (Figure 4C, *), also
underscoring the influence of resistance level on disease outcome. Overall, fluconazole treatment was associated

with a more favorable prognosis than amphotericin B.

Collectively, these findings demonstrate that antifungal resistance affects not only therapeutic efficacy
but also fungal virulence. Strain-specific traits, antifungal resistance, and resistance levels collectively modulate
infection dynamics and therapeutic efficacy. Altogether, these results highlight the clinical and environmental

importance of continuous surveillance of antifungal resistance within Trichosporon species.

4. Discussion
In this study, we investigated the antifungal resistance profiles of opportunistic Trichosporon isolates
obtained from clinical, animal, and environmental sources, both in vitro and in vivo. By assembling and

characterizing this diverse collection, we provide a comprehensive overview of resistance patterns across the
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genus. The inclusion of isolates and compounds from multiple origins highlights the potential for environmental
and animal reservoirs to contribute to the dissemination and development of resistant strains, reinforcing the
relevance of a One Health perspective. This integrative approach represents one of the few comprehensive
assessments of Trichosporon resistance conducted in South America. Overall, this work aimed to detect,
understand, and investigate the causes and consequences of resistance and cross-resistance in Trichosporon spp.

from a One Health perspective (Figure 5).

One Health: animal,
environmental, and human
driving yeast resistance

Figure S: One Health perspective of antifungal resistance. Samples were collected from farm animals and their environments, as well as
from patients and hospital settings. Continuous exposure of Trichosporon, ubiquitous opportunistic yeasts, to clinical antifungals,
agrochemicals, and disinfectants may drive resistance and cross-resistance, thereby compromising the treatment of trichosporonosis. Produced
in BioRender (BEWJPEJ8-0003).

The distribution of Trichosporon isolates across different Brazilian states reveals important ecological
and epidemiological patterns. 7. asahii emerges as the dominant species, reflecting its broad distribution and
adaptability to diverse hosts and environments, whereas species such as C. mucoides (Trichosporon mucoides), T.

Japonicum, and C. jirovecii (Trichosporon jirovecii) show more restricted distributions linked to specific
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ecological niches such as poultry or swine farming or clinical settings. 7. coremiiforme was detected only once,
indicating a narrower ecological presence. These patterns highlight potential reservoirs and transmission routes,
particularly for 7. asahii and C. mucoides, which are among the most virulent species implicated in invasive
trichosporonosis [1-7]. The balance between animal and environmental sources underscores their close interplay,
while the lower frequency of human isolates suggests a selective but clinically relevant emergence. Furthermore,
the widespread use of antifungals, agrochemicals, and disinfectants in hospitals, agriculture, and the environment
may drive adaptive responses that contribute to resistance and cross-resistance, as observed in other yeasts such
as Aspergillus, Candida, and Cryptococcus [35—40]. These findings underline the ecological plasticity of T. asahii,
the niche specialization of other species, and the importance of a One Health perspective to understand the
epidemiology and resistance dynamics of Trichosporon, with direct implications for the treatment of
trichosporonosis.

In this context, this study investigated potential resistance of Trichosporon isolates to commonly used
clinical antifungals, agrochemicals, and disinfectants using the CLSI methodology with specific modifications for
this genus [16, 52]. Despite some variation, MIC values generally aligned with those reported in the literature for
Trichosporon spp., with fluconazole typically <8 pg/mL (though higher values occur), voriconazole and
itraconazole ranging 0.06—1 pug/mL, amphotericin B ranging 0.125 to >16 pg/mL (>2 ug/mL often considered
resistant), and micafungin generally ineffective (>8 pg/mL). MIC patterns for other compounds varied by genus
and isolate, with no standardized breakpoints for Trichosporon. Species-specific differences were observed, but
most MICs fell within previously reported ranges and previously described effectiveness [2, 3, 16-25, 35, 36, 40,
54-56]. Notably, for several isolates, were detected elevated MIC values for amphotericin B (2—4 pg/mL),
fluconazole (>8 pg/mL), voriconazole (>0.125 ug/mL), pyraclostrobin (>8 pg/mL), carbendazim and BZK
chloride (>16 pg/mL), and tebuconazole (>2 png/mL), suggesting possible resistance and cross-resistance. These
results, along with the lack of standardized testing protocols, highlight the relevance of this work and the urgent
need to standardize antifungal susceptibility testing for Trichosporon spp., particularly within a One Health
framework amid rising antifungal resistance concern.

Therefore, this study identified 12 isolates with resistance patterns meeting defined MIC thresholds,
representing three species: 7. asahii (most prevalent), C. mucoides (Trichosporon mucoides), and T. japonicum.
The presence of resistant isolates across these species suggests that environmental and animal exposure to
antifungals, agrochemicals, or disinfectants may drive the emergence of resistance phenotypes, potentially

facilitating cross-resistance through shared stress-response mechanisms within a One Health context [35—42].
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While no direct correlation was found between resistance and phenotypic traits such as growth capacity or biofilm
formation, certain resistant isolates with the highest MICs—105B, A1-2, A1-14, and Ta9—exhibited enhanced
growth and biofilm-forming ability at host temperature (37 °C), indicating greater adaptability and persistence
under antifungal pressure [17, 26-34]. These combined characteristics of species identity, MIC profile, and
phenotypic performance justify their selection as representative models for further in vivo studies of antifungal
resistance and pathogenicity in animal infection contexts.

The animal model provided key insights into the interplay between antifungal resistance, therapeutic
failure, and virulence in Trichosporon infections. Resistance detected in vitro was largely maintained in vivo,
compromising treatment efficacy and clinical outcomes. Treated resistant isolates exhibited higher fungal burdens,
delayed recovery, and increased dissemination to the central nervous system (CNS), intensifying disease severity
and worsening prognosis. Notably, fluconazole and amphotericin B—typically effective in murine
trichosporonosis models—exacerbated infection under resistance conditions, although azoles still outperformed
polyenes [53]. The combination of therapeutic failure, resistance, virulence, and CNS involvement in certain
isolates underscores the clinical challenges posed by these infections, particularly in the current scenario where
CNS involvement is associated with poorer outcomes [24].

Furthermore, the results demonstrate that temperature critically affects both isolate growth and compound
activity. Several isolates showed slower growth depending on incubation temperature, suggesting temperature-
dependent metabolic adaptation. Notably, C. jirovecii (Trichosporon jirovecii) exhibited reduced growth at 37 °C,
a phenomenon not yet described in the literature. Compound activity was also temperature sensitive: higher MICs
for fluconazole, voriconazole, and BZK chloride were observed at 30 °C, whereas amphotericin B and
tebuconazole were less effective at 37 °C. These findings indicate that temperature shapes both Trichosporon
physiology and antifungal susceptibility, with implications for infection dynamics, environmental persistence, and
resistance development.

From a One Health perspective, these results highlight that environmental and animal reservoirs can serve
as sources of clinically relevant resistant strains, driven by the widespread use of antifungals in agriculture,
veterinary medicine, and clinical practice. Such cross-domain selective pressures may sustain and amplify
resistance traits, representing a growing threat to human and animal health. These findings emphasize the urgent
need for integrated surveillance, responsible antifungal stewardship, and the development of novel therapeutic

strategies within a unified One Health framework.
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5. Conclusion

This study shows that ecological diversity, metabolic plasticity, and resistance profiles in Trichosporon
are interrelated and shape its epidemiology and pathogenicity. The predominance of 7. asahii and the presence of
resistant isolates highlight its clinical importance and the emergence of less susceptible phenotypes, driven by
antifungal, agrochemical, and disinfectant use. Resistance was associated withtreatment failure and higher
virulence in vivo, underscoring its persistence and multifactorial nature. These findings call for standardized
susceptibility testing, stronger surveillance, and responsible antifungal stewardship under a One Health

perspective.
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8. Supplementary Material

Supplementary Figure 1: In vitro evaluation of growth curve and biofilm formation for all the 33 samples in this
study. (A) Growth capacity determined by measuring absorbance at 600 nm using a spectrophotometer after 48 h
incubation at 30 °C and 37 °C. (B) Biofilm production activity assessed by measuring absorbance at 492 nm using
a spectrophotometer after 48 h of pre-formed biofilms at 30 °C and 37 °C. The * indicates the resistant isolates,

and the samples are organized by species, grouped in the same order as Figure 2. Produced in GraphPad Prism.
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6. Discussiao

A resisténcia antifungica no género Trichosporon tem se consolidado como um
desafio na micologia médica, tanto pelo aumento da incidéncia de infecgdes invasivas quanto
pelas elevadas taxas de mortalidade em pacientes imunocomprometidos. A revisao
bibliografica realizada neste trabalho evidenciou que a maioria dos casos graves e daqueles
associados a resisténcia ¢ causada por 7. asahii, espécie considerada o principal agente da
tricosporonose invasiva, embora outras espécies também apresentem relevancia clinica. O
panorama atual indica que as opg¢des terapéuticas disponiveis sao limitadas, uma vez que
equinocandinas e flucitosina sdo ineficazes, os polienos frequentemente apresentam CIMs
elevados, e os azdis demonstram atividade variavel — com o fluconazol exibindo os maiores
valores de CIM e o voriconazol os mais baixos. Nesse contexto, o voriconazol permanece como
a principal recomendacdo terapéutica. Entretanto, relatos cada vez mais frequentes de
resisténcia tém sido associados a mecanismos como formacao de biofilme, superexpressao de
bombas de efluxo, mutagdes em genes como ERGI 1, alteragdes na composicao lipidica da
membrana, adaptagdes metabodlicas, entre outros. Esses aspectos ressaltam a necessidade
urgente de padronizacdo metodoldgica e de investigagdes experimentais que permitam
compreender e manejar de forma mais precisa a resisténcia e o tratamento de infec¢des causadas
por esse género, especialmente no contexto de Satide Unica, também abordado na revisdo
(BASTOS et al., 2017/2019/2025; MEHTA et al., 2021; CARNEIRO et al., 2020; SINGH et
al., 2019; COLOMBO et al., 2011).

Nesse sentido, a padronizagdo das condig¢des de microdiluicdo em caldo para ensaios de
susceptibilidade representou um avango significativo no presente estudo. Foram testadas
diferentes condicdes de temperatura, tempo de incubacdo e critérios de leitura da inibicdo,
sendo observado que a leitura apds 48 horas de incubagdo a 37 °C ¢ a mais adequada, com
leitura de 50% de inibi¢ao para fluconazol e 100% para anfotericina B. Essa padronizagdo foi
focada nesses dois compostos antifingicos mais comuns, mas pode ser extrapolada para
diversos polienos e azodis utilizados atualmente no tratamento. Além disso, este trabalho
ressaltou a importancia dessa padronizacao pelo CLSI para reduzir a variabilidade entre
diferentes estudos, fornecendo uma base sdlida para futuras comparacdes interlaboratoriais e
favorecendo a defini¢do de valores de corte epidemiologicos (ECVs) e clinicos mais
consistentes de internacionalmente comparaveis (MEHTA et al., 2021; SINGH et al., 2019;
COLOMBO et al., 2011).
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Com base nos resultados da revisdo e a padronizacdo metodoldgica, o estudo
experimental proposto neste trabalho ampliou e aprofundou a discussdo ao investigar essa
resisténcia in vitro e in vivo sob a perspectiva de Satide Unica, incluindo isolados provenientes
de pacientes humanos, animais de criacdo e ambientes correlacionados em diferentes regides
do Brasil, bem como diversos compostos antimicrobianos (antifungicos clinicos, agroquimicos

e desinfetantes).

Essa abordagem evidenciou a predominancia epidemioldgica de 7. asahii, bem como a
circulagdo e relevancia de outras espécies na resisténcia, demonstrando a importancia de uma
vigilancia integrada. Além disso, a partir do teste de microdiluigdo em caldo para a
determinagdo do CIM, observou-se resisténcia ndo apenas a antifungicos clinicos
(anfotericina B, fluconazol e voriconazol), mas também a agroquimicos e desinfetantes, como
tebuconazol, carbendazim, piraclostrobina e cloreto de benzalcénio, sugerindo a ocorréncia de
resisténcia cruzada decorrente da exposicao ambiental. Essa constatacdo amplia o problema da
resisténcia antiflingica para além do ambiente hospitalar, relacionando-o ao uso indiscriminado
de substancias antimicrobianas em diferentes setores. Adicionalmente, a analise in vivo
confirmou que isolados resistentes tratados exibem pior recuperagdo e maior carga fungica,
associadas a maior disseminagdo para o sistema nervoso central em modelo murino, além de
estarem correlacionadas a desfechos clinicos mais desfavoraveis. Esses achados sdo
particularmente relevantes, pois indicam que a resisténcia antifungica pode ndo apenas

comprometer a eficdcia do tratamento, mas também potencializar a viruléncia das cepas.

Em conjunto, os trés estudos demonstram que a resisténcia em 7Trichosporon ¢ um
fendmeno multifatorial e ecossistémico, que deve ser abordado sob a perspectiva integrada da
Satde Unica. A revisio da literatura reforgou a gravidade do problema e a limitagio das opgdes
terapéuticas disponiveis, associadas aos mecanismos de resisténcia desse género; a
padronizagdo metodologica forneceu ferramentas essenciais para a obten¢do de dados
reprodutiveis e comparaveis; e o estudo da resisténcia dentro do contexto de Saude Unica
estabeleceu a relagdo entre epidemiologia, resisténcia e viruléncia, evidenciando que o
problema ultrapassa os limites do ambiente hospitalar, alcancando dimensdes ambientais e
veterinarias. Assim, a presente dissertacao ndo apenas descreve o estado atual da resisténcia no
género Trichosporon, mas também propde solucdes praticas e estratégicas, como a
padronizacdo de testes de susceptibilidade, a implementacdo de sistemas integrados de

vigilancia e a promog¢ao do uso racional de antifungicos, agroquimicos e desinfetantes. Tais
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medidas sdo fundamentais para mitigar o impacto da resisténcia antifungica, melhorar o manejo
clinico da tricosporonose e orientar pesquisas futuras, visando novas abordagens terapéuticas e

politicas de saude publica sob uma perspectiva integrada e global de Satde Unica.

7. Conclusiao

Os resultados deste estudo demonstram que 7richosporon spp. apresenta tanto
resisténcia intrinseca quanto adquirida a multiplas classes de antifingicos clinicos, incluindo
azodis, polienos, equinocandinas e flucitosina. Essa resisténcia estd associada a diversos
mecanismos moleculares e celulares, como o aumento da atividade de bombas de efluxo, a
formacgdo de biofilmes, mutagdes genéticas, alteracdes na composicao lipidica da membrana e
adaptacdes metabolicas que favorecem a sobrevivéncia em condicdes de estresse antifingico.
No ambito metodoldgico, foi padronizada a técnica de microdiluicdo em caldo para a avaliacao
da susceptibilidade a anfotericina B e ao fluconazol no género Trichosporon, resultando em
maior confiabilidade e reprodutibilidade das andlises in vitro. Em seguida, essa metodologia foi
aplicada para testar a coleg¢ao de 33 leveduras isoladas e identificadas a partir de fontes clinicas,
animais e ambientais, frente a antifungicos clinicos, agroquimicos e desinfetantes. Entre essas,
T. asahii foi a espécie mais frequentemente isolada e apresentou os maiores niveis de
resisténcia. A partir desses ensaios, 12 isolados resistentes foram selecionados e, com base nos
perfis fenotipicos e nas andlises epidemioldgicas, quatro deles foram escolhidos para
investigacdo da resisténcia em modelo in vivo. Os ensaios in vivo confirmaram falhas
terapéuticas e evidenciaram, em alguns casos, a capacidade de colonizacao do sistema nervoso
central (SNC), além de maior viruléncia associada aos fenotipos resistentes. Ademais,
observou-se que a exposicdo prévia a desinfetantes e agroquimicos pode favorecer o
desenvolvimento de resisténcia cruzada, destacando a importancia das pressoes seletivas
ambientais no contexto da Saude Unica. Assim, reforca-se que a realizacdo de testes de
susceptibilidade e o uso racional de antifingicos sdo essenciais para o enfrentamento da
resisténcia antifingica e para a prevencao de agravamentos clinicos em diferentes setores da

saude humana, animal e ambiental.

8. Perspectivas
J& estdo em andamento os experimentos para a investiga¢cdo dos mecanismos genéticos
e moleculares da resisténcia no género Trichosporon, com a perspectiva de me aprofundar neste

topico no doutorado. Espero ao final do mestrado e doutorado contribuir para o maior
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conhecimento dos mecanismos de resisténcia deste fungo, a partir da genomica e

transcriptomica.
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