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This study explores the effectiveness of various antifungal drugs in treating sporotrichosis caused 
by Sporothrix schenckii, especially in non-wild-type (non-WT) strains. The drugs tested include 
enilconazole (ENIL), isavuconazole (ISA), posaconazole (POS), terbinafine (TER), and itraconazole 
(ITC). The study involved in vitro and in vivo tests on 10 WT isolates and eight ITC non-WT isolates. 
Two isolates were assessed using time-kill assays, checkerboard assays, and Galleria mellonella 
infection models. In vitro studies have shown that all of these drugs were more effective than or equal 
to ITC against WT and non-WT isolates. No ITC resistance was observed with other azoles. All drugs 
inhibited fungal growth of WT and non-WT strains within 24 h at all incubations. ENIL and TER showed 
fungicidal effect against types at over 2x minimum inhibitory concentrations with no regrowth. POS 
was fungicidal against WT at high concentrations but not against non-WT. ISA was only fungicidal for 
non-WT. ITC did not exhibit any fungicidal activity. In checkerboard experiments, the combination 
of POS or ISA with TER showed enhanced activity against WT and non-WT strains, surpassing the 
combination of ITC with TER. In vivo model experiments demonstrated significantly reduced mortality 
rates with ENIL, POS, and TER against WT and with ENIL, ISA, POS, and TER against non-WT. The 
study concludes that monotherapy with ENIL, ISA, POS, and TER, and combinations of POS/TER or 
ISA/TER, show promise as effective antifungal treatments against S. schenckii, including ITC-non-WT 
isolates.
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Sporotrichosis, often referred to as “rose gardener’s disease” or “rose breeder’s disease,” is a subcutaneous 
mycosis caused by the Sporothrix species, a dimorphic saprophytic fungus1. The most common species observed 
in human and animal infections are Sporothrix schenckii, S. globosa, S. brasiliensis, and S. luriei. These species are 
grouped into the Sporothrix pathogenic clade based on molecular analysis. Infections typically occur through 
open wounds that come into contact with contaminated soil, plant debris, or infected animals. Zoonotic 
transmission can occur through scratches, bites, or penetrating skin lesions, with S. schenckii and S. brasiliensis 
known to have zoonotic transmission potential2. The geographical distribution of sporotrichosis reveals distinct 
patterns across various global regions. Brazil, particularly Rio de Janeiro, is one of the most significantly affected 
areas, experiencing hyperendemic outbreaks with substantial numbers of human and feline cases1,3. Other South 
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American countries, such as Peru, Colombia, and Venezuela, also report notable disease prevalence4. In Asia, 
significant cases have been documented in China5, India6,7, and Japan8, with increasing reports from Southeast 
Asian nations like Malaysia9,10 and Thailand11,12. In Europe, particularly the United Kingdom, cases are sporadic 
and relatively rare, with occasional reports including isolated zoonotic transmissions from infected cats13. In 
Africa, hotspots are found in South Africa and Madagascar14. In North America, sporadic cases mainly occur in 
the U.S., especially in especially in southern and south-central state15,16.

At present, antifungal medications are classified into five main classes: Allylamines, Azoles, Echinocandins, 
Polyenes, and Fluorinated Pyrimidine Analogs17. Reportedly, antifungal drugs from the Allylamines, Azoles, 
and Polyenes groups are frequently used as monotherapy or combination therapy to treat sporotrichosis in 
humans and animals18,19. Azole antifungals, divided into imidazole, triazole, and tetrazole groups, are the first-
choice drugs for sporotrichosis. They disrupt fungal cell membranes by inhibiting lanosterol 14–α–demethylase, 
which converts lanosterol to ergosterol through Cytochrome P450 inhibition. This disruption increases cellular 
permeability and leaks cell contents. Among azoles, itraconazole is frequently used for Sporothrix infections. 
However, the growing incidence of drug resistance presents a notable therapeutic challenge. Terbinafine, an 
allylamine, has shown high in vitro efficacy against Sporothrix spp. and is recommended as a second-line therapy 
for human sporotrichosis20. This drug targets squalene epoxidase, a key enzyme in the early stages of ergosterol 
biosynthesis. By inhibiting this enzyme, terbinafine causes squalene accumulation in fungal cells, disrupting 
their function. Despite its promising effects, clinical evidence supporting terbinafine usage in sporotrichosis 
remains limited. Among Polyenes, Amphotericin B is pivotal in treating severe or resistant cases of sporotrichosis. 
Although effective, its use requires caution because of the associated side effects, including nephrotoxicity.

Evidence from in vitro and clinical trial studies indicates that drug combination therapy has increased 
efficacy over single-drug treatment. The combination of itraconazole with terbinafine is widely used to treat 
sporotrichosis in humans and cats21. In addition, in vitro studies have also demonstrated enhanced efficacy 
when itraconazole or fluconazole is used in conjunction with tacrolimus, particularly against S. brasiliensis and 
S. schenckii isolates22. Furthermore, local treatments such as amphotericin B intralesional injection and surgery 
are added to systemic therapy, they have shown promising results23.

The emergence of drug resistance and adverse effects have prompted researchers to investigate newer alternative 
antifungal agents that promise enhanced efficacy and improved safety profiles. Examples of drugs currently 
under investigation for their efficacy in Sporothrix infection in human and animals include posaconazole and 
isavuconazole. Posaconazole (POS), a second-generation triazole, is a promising candidate for sporotrichosis 
treatment and has been used as an alternative to itraconazole to reduce hepatotoxic side effects. ISA, a second-
generation triazole, is FDA-approved for first-line therapy of invasive Aspergillosis and mucormycosis24. 
Additionally, ENIL, an imidazole drug used only in veterinary medicine, is employed for treating Aspergillosis 
in cats via intranasal infusion and is primarily used as a topical therapy for dermatophytosis in animals. It is 
primarily considered as an alternative treatment for Sporothrix infections in animals.

sporotrichosis in cats was first reported in Thailand in 2017. Since then, the number of reported cases has been 
on the rise, especially in the Bangkok metropolitan region and southern Thailand12,25. Although sporotrichosis 
is potentially a zoonotic disease, reported human cases are sporadic26,27. Molecular epidemiology has revealed 
that the outbreak is associated with S. schenckii, a genetic lineage considered endemic only to Southeast Asia25. 
Recent reports suggest high levels of itraconazole non-WT isolates in this genotype, which are associated with 
subsequent treatment failure and recurrence28. Given these findings, there is an urgent need to investigate 
alternative antifungal drugs and treatment strategies. This study selected four antifungal drugs–enilconazole, 
isavuconazole, posaconazole, and terbinafine–as potential alternatives for treating sporotrichosis in wild-type 
(WT) and itraconazole non-WT clinical isolates of S. schenckii in Thailand. The in vitro antifungal activity 
of these drugs was assessed using broth microdilution, checkerboard, and time-kill assays. Additionally, the 
effectiveness of these antifungal drugs was determined using the Galleria mellonella infection model.

Results
Determination of MICs of selected antifungal drugs
The MICs of ENIL, ITC, ISA, POS, and TER against the mold phase of 18 clinical isolates and ATCC 58251 are 
detailed in Table 1 and 2. Among the 18 clinical isolates, 8 were classified as itraconazole non-WT and 10 as WT 
based on ECV ITC criteria (minimum inhibitory concentrations (MIC) > 2 mg/L)29.

As observed from MIC ranges, all the 18 clinical isolates exhibited good activity against ENIL (MIC 
range < 0.06–4 mg/L) and TER (MIC range 0.25–4 mg/L) regardless of the ITC. Notably low MIC values for 
POS (MIC range 0.125–1 mg/L) were observed against ITC WT strains, while higher MIC values (MIC range 
1–8 mg/L) were seen in ITC non-WT strains. ISA showed similar activity to POS against ITC non-WT strains. 
Notably, resistance to ITC was not observed with other azoles (POS and ISA) studied (Table 1).

Time–kill assays
For a more detailed analysis, we selected WT isolate VSMU21109 and ITC non-WT isolate VSMU21184 as 
representative strains. VSMU21109 was chosen due to its susceptibility profiles being similar to those of strain 
ATCC 58251, while VSMU21184 was randomly selected from a group of 7 isolates with high ITC MIC values 
(≥ 16  mg/L). Given that time–Kill assays, checkerboard assays, and in vivo experiments in G. mellonella are 
typically conducted using the yeast phase, we also performed the broth microdilution susceptibility test to 
determine the MICs of all tested drugs against the yeast phase of representative clinical isolates and ATCC 58251.

Figure  1 depicts the killing patterns of the representative WT and ITC non-WT strains when exposed 
to varying concentrations of the tested antifungal drugs. Due to solubility limitations, compounds ISA and 
ITC, which exhibited MIC values exceeding 16  mg/L, could not be effectively tested. Specifically, ISA could 
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not be evaluated against WT strains, while ITC testing against non-WT strains was not feasible under these 
experimental conditions.

All tested drugs demonstrated killing activity against both strains at all tested concentrations after 24 h of 
incubation. Against the WT, ENIL, POS, and TER showed fungicidal effects at concentrations above 2x MIC, 
with no regrowth observed after 48–78 h. ENIL displayed rapid fungicidal activity within 48 h at 2 mg/L, followed 
by POS within 72 h at 1 mg/L, and finally TER within 96 h at 1 mg/L. No fungicidal activity was observed with 
ITC at any tested concentration over 96 h (Fig. 1a–d).

Against the non-WT strain, ENIL and TER showed the most effective fungicidal activity within 48  h at 
0.5  mg/L and 1  mg/L, respectively. ISA exhibited fungicidal activity within 96  h at a 4xMIC concentration 

Strain

MIC (mg/L)

ENIL mold yeast ITC mold yeast ISA mold yeast POS mold yeast TER mold yeast

ATCC 58251 1 1 1 1 8 8 0.25 0.25 0.5 0.5

VSMU 21109 (WT) 1 1 1 1 8 8 0.5 0.5 0.5 0.5

VSMU 21184 (ITC 
non-WT) 0.25 0.25 > 16 >16 1 1 1 1 0.5 0.5

Table 2. MICs of selected antifungal drugs against representative WT and ITC-resistant strains in both mold 
and yeast phases. ENIL enilconazole, ITC itraconazole, ISA isavuconazole, POS posaconazole, TER  terbinafine.

 

Isolate number

MIC (mg/L)

Location of sample collection NCBI accessions numberITC ENIL ISA POS TER Collection year

WT isolates (n = 10)

VSMU Deo 1 4 > 8 0.5 4 2017 Bangkok MG270181

VSMU Black 1 1 2 0.25 0.5 2018 Bangkok PQ044604

VSMU TE 0.5 < 0.06 2 0.25 0.25 2019 Bangkok PQ044605

VSMU 21109 1 1 8 0.5 0.5 2021 Bangkok PQ044606

VSMU 21170 0.25 2 8 0.5 1 2021 Nonthaburi PQ044607

VSMU 21173 2 2 8 1 1 2021 Bangkok PQ044608

VSMU 21198 1 2 8 0.125 1 2021 Nonthaburi PQ044609

VSMU 21199 2 0.25 2 0.125 1 2021 Nonthaburi PQ044610

VSMU 21200 0.5 1 8 0.125 2 2021 Nonthaburi PQ044611

VSMU HN 0.5 1 4 0.25 0.5 2021 Bangkok PQ044612

Range 0.25–2 < 0.06–4 2–>8 0.125–1 0.25–4

GM 0.81 0.93 4.92 0.29 0.87

MIC50 1 1 8 0.25 1

MIC90 2 2 8 0.5 2

ITC Non-WT isolates (n = 8)

VSMU PP > 16 0.25 2 2 1 2017 Bangkok MG270182

VSMU Bee 16 < 0.06 1 1 0.25 2019 Bangkok PQ044613

VSMU NN 4 2 8 8 1 2020 Bangkok PQ044614

VSMU 21140 > 16 < 0.06 2 2 0.5 2021 Bangkok PQ044615

VSMU 21164 > 16 0.25 1 1 1 2021 Bangkok PQ044616

VSMU 21184 > 16 0.25 1 1 0.5 2021 Bangkok PQ044617

VSMU 21185 > 16 0.5 4 4 0.5 2021 Bangkok PQ044618

VSMU 21221 > 16 0.25 2 2 1 2021 Bangkok PQ044619

Range 4–>16 < 0.06–2 1–8 1–8 0.25–1

GM 13.45 0.25 2 2 0.65

MIC50 * * * * *

MIC90 * * * * *

Table 1. Comparison of MICs for five antifungal drugs against the mold phase of WT and ITC non-
WT isolates. ENIL enilconazole, GM geometric mean, ITC itraconazole, ISA isavuconazole, MIC50 the 
lowest concentration of the tested antifungal at which 50% of theisolated were inhibited, MIC90 the lowest 
concentration of the tested antifungal at which90% of the isolated were inhibited, POS posaconazole, TER  
terbinafine, WT, wild-type, non-WT non-wild-type *MIC50 and MIC90 are unsuitable for datasets with fewer 
than 10 isolates.
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Fig. 1. Time-kill curves for selected antifungal drugs against WT and non-WT Sporothrix schenckii isolates 
at control, 0.5X, 1X, 2X, and 4XMIC. The figure presents time-kill curves for the WT after exposure to (a) 
enilconazole (ENIL), (b) itraconazole (ITC), (c) posaconazole (POS), and (d) terbinafine (TER), and for the 
non-WT after exposure to (e) enilconazole (ENIL), (f) isavuconazole (ISA), (g) posaconazole (POS), and (h) 
terbinafine (TER). The fungicidal line is indicated by a broken line. The time-kill curves presented here are 
from a single experiment, though experiments were performed in triplicate.
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(4 mg/L). POS showed a lower killing magnitude compared to the WT strain, and no fungicidal activity was 
observed (Fig. 1e–h).

Checkerboard assays
A synergistic effect was predominantly observed between TER and triazole drugs for the ITC non-WT strain. 
For this strain, the combination of TER with either ISA or POS proved equally effective, and both were more 
effective than the combination with ITC (Table 3).

Validation of G. mellonella as a model for S. schenckii infection
Prior to conducting the in vivo antifungal efficacy experiments, we performed two critical optimization studies. 
First, we assessed the safety of the drugs when administered in the G. mellonella model. Drugs and RPMI1640 
medium were inoculated via the intrahemocoel route at the maximum effective dose. Nine days post-injection, 
no mortality was observed at the selected dosage (Data not shown). Concurrently, we determined the lethal 
dose of S. schenckii in the G. mellonella model. We infected the model with two doses (1 × 107 and 1 × 108 
colony-forming units (CFU)/mL) of either WT or non-WT strains. With a high inoculum of 1 × 108 CFU/mL, 
the survival rates of G. mellonella observed until day 9 were 15% and 20% for the WT and non-WT groups, 
respectively (Fig. 2). These optimized parameters will be utilized in the antifungal efficacy experiments.

Antifungal drug efficacy in G. mellonella model
The antifungal efficacy in the G. mellonella was subsequently evaluated (Fig. 3). G. mellonella larvae treated with 
ENIL, ITC (or ISA for non-WT strain), POS, and TER exhibited significantly higher survival rates compared 
to untreated controls (p < 0.05) for WT and non-WT strains at 1 × 108 CFU/mL. There were no significant 
differences among the antifungal treatments or between the low and high doses.

Discussion
In this study, we evaluated the effectiveness of alternative antifungal drugs, including ENIL, ISA, POS, and 
TER, compared to ITC against WT and itraconazole-resistant S. schenckii isolates from an endemic area in 
Thailand, using in vitro and in vivo methods. Our findings suggest that these alternative drugs may provide 
various treatment options, including single-agent regimens, combination regimens, and local treatments for 
controlling and minimizing Sporothrix infection, particularly in cases involving itraconazole-resistant isolates.

In this MIC study, we compared the efficacy of alternative drugs with that of ITC. For the WT category, our 
findings revealed that POS demonstrated the highest efficacy, followed by ENIL and TER. This is consistent 

Fig. 2. Optimization of Galleria mellonella larvae as a model for clinical S. schenckii isolates. Dose-dependent 
mortality of G. mellonella larvae infected with two concentrations of wild-type or itraconazole non-wild-type, 
respectively. Survival was monitored every 24 h over a period of 9 days. Data are pooled from a minimum of 
two independent experiments.

 

Isolates Combination FICI Effect

Wild-type
TER + ISA
TER + ITC

0.32
0.7

Synergy
Additive

TER + POS 0.32 Synergy

Itraconazole non-wild-type
TER + ISA
TER + ITC

0.2
0.46

Synergy
Synergy

TER + POS 0.26 Synergy

Table 3. Results of the checkerboard assay for TER and triazole against wild-type and ITC non-wild-type 
strains of Sporothrix schenckii.
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with previous studies that examined the MIC of POS and TER in a large number of isolates29. Interestingly, we 
observed variations in the activity of TER for S. schenckii and S. bransileinsis. The MIC90 value for TER with S. 
schenckii ranged from 0.5 to 1 mg/L25. In a comparative study of S. brasiliensis versus TER, more than 95% of 
S. brasiliensis had MICs to TER < 0.012 mg/L29. This suggests that S. schenckii has an intrinsically higher MIC 
to TER compared to S. brasiliensis. In contrast, we observed that ISA was not active against WT isolates, with a 
MIC90 of 8 mg/L, which aligns with recent studies30. For the ITC non-WT category, ENIL and TER showed the 
most in vitro activities. For POS, the MICs were higher than those of either agent for WT isolates, indicating 
reduced susceptibility to POS for this strain. However, they remained susceptible to POS based on POS ECV, 
suggesting no azole cross-resistance between POS and ITC among our isolates.

Clinical breakpoints or ECV for S. schenckii isolates are not well established. In this study, only the MIC of 
POS and ITC could be used to determine WT or non-WT characteristics29. This has significant implications for 
identifying appropriate treatment and monitoring susceptibility, suggesting that POS could be a good candidate 
against S. schenckii. For TER and ISA, no ECV has been established for S. schenckii due to insufficient numbers of 
isolates, suggesting caution is advised and further investigation into the establishment of ECV is warranted. It is 
important to note that non-WT does not necessarily imply resistance. Therefore, studying antifungal resistance 
mechanisms and their associated genes is crucial to determining the presence of true resistance.

Time–kill studies with fungal species have been used to evaluate the fungicidal effects of various drugs31. 
In this study, we used the yeast form of WT and non-WT strains to provide a comprehensive understanding of 
the drug effects. As expected, in the WT strain, ITC showed no fungicidal effect, similar to previous findings32. 
POS, ENIL, and TER were found to be remarkably fungicidal at concentrations greater than the MIC within 24, 
48, and 72 h, respectively. Despite the limited number of in vitro studies, only TER in a previous study reported 
fungicidal activity against S. schenckii at 2xMIC within 24 h33. Conversely, the non-WT strain demonstrated 
that TER and ENIL maintained fungicidal activity similar to WT. However, these findings revealed that POS 
exhibited a lower killing magnitude. POS exhibited a lower killing magnitude than either agent for the WT strain, 
and no fungicidal activity was observed (Fig. 1c, g). These results strongly support the MIC study on reduced 
susceptibility to POS for this strain. This aligns with previous studies that tested azole drugs against Candida 
strains, resistant and nonresistant, showing comparable time–kill results among the drugs34. However, a limitation 
of this study is the use of only one representative strain per group, potentially hindering the generalizability of 
the results to a broader range of fungal strains. Further study of pharmacokinetic/pharmacodynamic (PK/PD) 
modeling is needed35.

Combination antifungal treatment offers several benefits over monotherapy. It notably improves treatment 
efficacy, enhances effectiveness against drug-resistant cases, reduces necessary dosages, and minimizes drug 
toxicity36. A combination regime of amphotericin B (AMB) intravenously and azole orally is a recommended 

Fig. 3. Survival curves in Galleria mellonella. The figure presents Kaplan-Meier survival curves of G. 
mellonella larvae inoculated with 108 CFU/mL of the WT and non-WT. Following infection, larvae were 
treated with low or high doses of selected drugs. Control groups consisted of infected larvae treated with 
RPMI1640. Survival was monitored every 24 h over a period of 9 days. Data are pooled from a minimum of 
two independent experiments.

 

Scientific Reports |         (2025) 15:3230 6| https://doi.org/10.1038/s41598-025-87711-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


option for sporotrichosis treatment37. Although AMB demonstrates efficacy against Sporothrix spp., its systemic 
administration is limited by adverse effects, particularly nephrotoxicity. Alternatively, TER offers an additional 
choice in combination treatments for sporotrichosis. Previous studies have demonstrated the effectiveness of 
combining TER with ITC38,39. Moreover, several cases of sporotrichosis in humans and cats were successfully 
treated with a combination of TER and ITC21,40. In this study, the results showed a synergistic effect between ISA 
or POS and TER in WT and non-WT strains, and POS/TER and ISA/TER were more effective than ITC/TER 
(Table 3). This study extends previous experiments, supporting the effectiveness of combining TER with ITC 
and providing enhanced activity of POS and ISA compared to ITC in the current combination drug treatment.

In a veterinary context, ensuring medication adherence in cats can pose a challenge for owners, often resulting 
in treatment failure41. A significant factor is the limited access to medication, particularly with extended oral 
administration schedules42. Consistent oral medication can be particularly difficult with cats, especially stray 
cats. POS and ISA emerge as promising alternatives due to their potential for intravenous administration43,44. 
The intravenous route reduces the risk of zoonotic transmission during medication administration compared to 
oral medications, as it eliminates the need to handle a cat’s mouth45.

Ulceration on the face and sinonasal region are common clinical manifestations of sporotrichosis in cats. An 
unconventional treatment strategy combining local and systemic antifungals has been employed. The use of AMB 
intralesionally, in conjunction with oral ITC, has been described for cases with cutaneous or lymphocutaneous 
sporotrichosis23. Given the in vitro and in vivo findings with an aerosol spray formulation, we propose ENIL 
as a topical drug candidate for sporotrichosis treatment. Furthermore, this drug also presents new potential 
applications via intranasal and nebulization routes46.

Traditional antifungal drug development and pathogenesis research for Sporothrix spp. infection have relied 
on efficacy evaluation in mammalian models, such as mice and rats. However, these models can be costly and 
time-consuming47. The larva of the greater wax moth, G. mellonella, has emerged as a promising alternative 
model due to its low cost, rapid life cycle, and immune system similar to mammals48. It is known that the 
outcome of in vivo infections can be influenced by factors such as the doses of infection, the culture medium 
used, and the rearing and maintenance of G. mellonella47,49,50. In this study, we proposed a set of conditions for 
an in vivo study based on previous research51,52. With slight modifications, yeast growth on Brain Heart Infusion 
(BHI) agar, in-house rearing, and an inoculum dose of 1 × 108 CFU/mL are now well established in our lab. Our 
findings will be useful for future research directions that could explore the use of G. mellonella to evaluate a 
broader range of antifungal drugs and pathogenesis.

To our knowledge, the study of the virulence of WT and non-WT strains of S. schenckii using G. mellonella 
has not been determined. We conducted experiments to investigate the virulence of both strain types. When 
observing at 50% mortality, we noted a faster rate of fungal burden in the ITC non-WT compared to the WT 
within the G. mellonella model. This may suggest that the ITC non-WT strain is more virulent than the WT 
strain.

Our investigation revealed that the ITC treatment groups for the non-WT strain of S. schenckii exhibited the 
lowest survival rate (40%) compared with the alternative drugs. This observation strongly supports the notion 
that the non-WT strain has developed resistance to ITC. However, this observed difference did not achieve 
statistical significance (p > 0.05) within the confines of the current study. We are unable to conclusively identify 
the underlying reason for this observation. Further research with substantially larger and more diverse samples 
will be needed.

In conclusion, this study underscores the need for vigilant monitoring of feline sporotrichosis cases in 
Thailand, particularly those that are resistant or relapse following itraconazole (ITC) treatment. For managing 
sporotrichosis, it is advisable to consider alternative antifungal medications like ENIL, ISA, POS, or TER based 
on antifungal susceptibility testing outcomes. This is especially critical when dealing with strains that are not 
susceptible to ITC or when ITC may not be the most suitable choice. We recommend employing these alternative 
antifungal agents in scenarios where ITC resistance is evident or when ITC is not the optimal treatment. Further 
clinical research is necessary to explore the efficacy and safety of these alternative drug options in treating 
sporotrichosis.

Methods
Fungal strains and culture conditions
This study utilized S. schenckii ATCC 58251 and 18 clinical isolates of S. schenckii. ATCC 58251 was used as a 
quality control and reference strain. Among the 18 clinical isolates, 8 were classified as itraconazole non-WT and 
10 as WT. All isolates were obtained from cats in Thailand and were selected from the Laboratory of Veterinary 
Mycology at Mahidol University (Salaya campus, Nakhon Pathom, Thailand). Each isolate was identified by PCR 
of ITS regions (Bangphoomi, unpublished). All isolates were tested for non-WT for itraconazole using a broth 
microdilution test according to CLSI itraconazole ECV, as previously described29. All isolates were stored in 
RPMI 1640 medium with MOPS (Invitrogen, USA) and 10% glycerol, and were kept at − 70 °C until use.

Before each experiment, the reference and clinical strains were cultured in either Sabouraud dextrose agar 
with chloramphenicol (Oxoid, UK) and incubated at 25 °C for 4–5 days for mold phase experiments, or in 
BHI agar (Himedia, India), and incubated at 37 °C for 5–7 days for yeast phase experiments. The isolates were 
examined microscopically with lactophenol blue stain and identified as Sporothrix spp. based on morphological 
identification.

Determination of MICs
The study determined the MICs using broth microdilution methods, following CLSI guidelines M27-A4 
for yeasts53 and M38-A3 for molds54. The tested drugs included enilconazole (ENIL), isavuconazole (ISA), 
itraconazole (ITC), posaconazole (POS), and terbinafine (TER) (Sigma Aldrich, USA). Final drug concentrations 
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ranged from 0.06 to 8 mg/L, except for itraconazole, which ranged from 0.06 to 16 mg/L. The MIC was defined as 
the lowest concentration achieving 100% inhibition of Sporothrix growth. Strains were categorized as non-WT if 
the MIC for ITC or POS exceeded > 2 mg/L. All tests were conducted in triplicate, with Candida albicans ATCC 
90028, Paecilomyces variotii ATCC MYA-3630 and Sporothrix schenckii ATCC 58251 used as a quality control 
strain55.

Time-kill assay
This assay assessed the time-dependent antifungal activity against WT and ITC non-WT strains of Sporothrix 
schenckii. A yeast suspension (10⁶ CFU/mL) was cultivated at 0.5×, 1×, 2×, and 4× MIC of antifungals at 35 °C 
in a rotary shaker at 200 rpm. Samples were collected at 0, 12, 24, 48, 72, and 96 h, plated on BHI agar, and CFU 
were counted. Antifungal concentrations that reduced fungal cell counts by over 3 logs from the initial CFU/mL 
were considered fungicidal. This method was also performed in triplicate56.

Checkerboard assay
The study also evaluated the synergistic effects of selected alternative azoles (ISA, POS, and ITC) combined with 
TER against the WT and ITC non-WT representative strains of S. schenckii. This was assessed using the broth 
microdilution checkerboard method32. The fractional inhibitory concentration (FIC) for each antifungal drug in 
combination was calculated by dividing the MIC of one antifungal in the mixture by its MIC when used alone. 
The combined effect of both antifungals was evaluated by calculating the FIC index (FICI), which is the sum of 
the FIC values of both antifungals. A FICI of 0.5 or less indicated synergistic interaction; a FICI greater than 0.5 
but less than or equal to 4 suggested no significant interaction; and a FICI greater than 4 indicated antagonism. 
This method was also performed in triplicate.

Galleria mellonella infection assay
Healthy Galleria mellonella larvae (size 2–2.5 cm and average weight of 250 mg) were reared in-house starting 
from eggs, following the guidelines49. Groups of 20 randomly selected larvae were inoculated by intrahemocoel 
at the last left proleg of G. mellonella with Hamilton syringes. Ten microliters of WT and non-WT strains at 107 
or 108 CFU/mL were injected. All groups were kept in Petri dishes at 37ºC in the dark, and survival was checked 
daily. A cotton ball soaked with sterile distilled water was placed in the animal housing to prevent dehydration. 
Mortality was determined by a lack of irritability and significant body melanization. All experiments were 
repeated with two independent biological replications.

Antifungal drug efficacy in G. mellonella model
To evaluate the efficacy of antifungal drugs, yeast inocula were prepared from BHI agar and diluted to 108 CFU/
mL in RPMI 1640. Groups of 20 randomly selected larvae were inoculated by intrahemocoel infection (10 µL 
of suspension) at the last left proleg of G. mellonella. Within 2 h of infection, 10 µL of an antifungal drug was 
injected into the last right proleg. Each antifungal dose was prepared in two increasing dosages, converted to 
reflect their relevance to the therapeutic doses administered to humans and animals, as per guidelines (measured 
in mg/kg). Control groups included: noninoculated larvae, larvae injected with RPMI 1640, larvae injected with 
antifungal drugs without inoculum, and larvae injected with only yeast suspension. All groups were kept in Petri 
dishes at 37ºC in the dark, and survival was checked daily. All experiments were repeated with two independent 
biological replications.

Data analysis
Descriptive statistics, encompassing MIC, MIC50, MIC90, and geometric mean, were calculated for each drug. 
Survival analysis was conducted using Kaplan–Meier charts, and the data was analyzed using the log-rank 
(Mantel–Cox) method with the GraphPad Prism 8 program. Differences were deemed significant at a *p-value 
of ≤ 0.05.

Data availability
The sequences have been deposited in GenBank under accession numbers MG270181-2 and PQ044604-19. The 
datasets used and/or analysed during the current study available from the corresponding author on reasonable 
request.
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