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The indiscriminate use of fungicides in agricultural crops is considered one of
the most important causes of antifungal resistance. Hence, it is our interest to
contribute to the knowledge of antifungal resistance, within the framework of
One Health. The results will be useful to define appropriate policies in the use
of these drugs both in the clinical area and in agriculture. Thus, the suscep-
tibility patterns of 187 Aspergillus spp. (A. flavus [n = 46], A. fumigatus [n = 8],
A. insuetus [n = 1]; A. niger [n = 85], A. tamarii [n = 34] and Aspergillus section
Versicolores [n = 13]), isolated from coffee beans from the Los Santos coffee-
growing region in Costa Rica, were evaluated for amphotericin B (AMB), itracon-
azole (ITZ) and voriconazole (VRC); using the Clinical and Laboratory Standards
Institute (CLSI) broth microdilution M38 guideline. The mean minimal inhibitory
concentration (MIC) for AMB was 2.77 + 3.19 ug mL™, 0.29 + 0.26 pg mL™* for ITZ,
and 1.14 + 2.68 pg mL™* for VRZ. Based on the CLSI guidelines, 15.2% of A. flavus,
75.0% of A. fumigatus and 3.5% of the A. niger were classified as non-wild type
for AMB; 4.3% of the A. flavus/oryzae and 25.0% of the A. fumigatus were classi-
fied as non-wild type for VRC. ITZ presented the lowest MIC distribution, and the
isolates were classified as wild-type strains. The results show a high susceptibility
to ITZ, moderate to VRC (treatment of choice for invasive aspergillosis) and low
susceptibility to AMB.
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1 Introduction

Aspergillosis is one of the most prevalent invasive fungal diseases
that has a high morbidity and mortality rate in patients with some
degree of immunosuppression. This disease has been reported in
patients with neutropenia, solid organ transplant recipients, debilitat-
ing diseases, systemic use of glucocorticoids, treatment with T-cell
immunosuppressants, inherited immunodeficiencies (1-3), chronic
lung disease, severe viral respiratory infections and patients in critical
condition due to COVID-19 (4). The three most important condi-
tions of the clinical spectrum of pulmonary aspergillosis are: allergic
bronchopulmonary aspergillosis, chronic pulmonary aspergillosis
and the most serious one, invasive pulmonary aspergillosis (5).
Aspergillus spp. are responsible for more than 200,000 cases of inva-
sive aspergillosis per year, more than 1.2 million cases of chronic
pulmonary aspergillosis and 10 million cases of severe asthma with
fungal sensitization (6, 7). They are also causative agents of superficial
illnesses like onychomycosis, otomycosis and keratitis (8). Among the
species that have been linked to human disease, Aspergillus fumigatus
causes the majority of cases ([75-85] %), followed by Aspergillus
flavus ([5-10] %), Aspergillus niger ([1.5-3] %), and Aspergillus ter-
reus ([2-3] %) (9).

For the treatment of aspergillosis, azoles are recommended, with
voriconazole (VRC) being the antifungal of choice. It is important for
patients to receive treatment since mortality rates for patients with
invasive aspergillosis that are not medicated are (80-95) % (10).
However, despite advances in antifungal therapy, resistance to anti-
fungals has become a growing problem worldwide. Ever since the first
case of azole-resistant A. fumigatus was reported in 1989, in the state
of California, United States of America (11), and other cases were
documented in the late 1990s in the United Kingdom and Sweden;
the increasing azole-resistance has made it difficult to treat invasive
pulmonary aspergillosis (12).

The overall prevalence of azole resistance is estimated to be
between three and 6 %. In addition, resistance has been found in
patients who had no previous exposure to antifungals (13). It is worth
noting that resistance has been documented after the indiscriminate
use of triazole fungicides in agricultural products, which are chemi-
cally similar to antifungals used in clinical treatments (14-16). For
example, Rhodes et al. (15) published a paper on population genom-
ics confirming that the acquisition of drug-resistant A. fumigatus
infections by humans came from the environment. The route of
acquisition of environmental resistance is one of the most studied
and the one that generates the greatest concern in the medical com-
munity. These fungicides can persist in the environment for many
weeks and have been reported to travel; thus, exposure and selection
should be considered beyond the sites of application at agricultural
fields (16). Consequently Aspergillus spp. can initiate adaptation strat-
egies to environmental stress that generate mutations that make them
resistant to triazoles for agricultural and medical use (17). Mutations
in the CYP51A gene (TR34/L98H and TR46/Y121F/T289A) are the
most frequently found in resistant strains, while 30% are related to
changes in effluent pumps, leading to therapeutic failure and a 90%
increase in mortality (18).

Coffee is one of the most important crops grown in Costa Rica.
Unfortunately, it can get infected by Hemileia vastatrix (coftee leaf
rust) and mycotoxigenic fungi, including members of the genus
Aspergillus (19). Thus, different azole-based compounds are applied
to prevent said infections:

cyproconazole, epoxiconazole,
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propiconazole and tebuconazole, for example (20), which could
induce secondary resistance to the azoles approved for human treat-
ment. It is important to emphasize that the Ministry of Agriculture
and Livestock of Costa Rica (MAG, from the Spanish Ministerio de
Agricultura y Ganaderia) estimated an importation of (9864-12,573)
tons per year of pesticides with an apparent use of (4441-9,209) tons
per year, between 2017 and 2023; out of which, 61.90% were fungi-
cides (21). Hence, it is our interest to contribute to the knowledge of
antifungal resistance, within the framework of One Health. This term
is often defined as “an integrated, unifying approach that aims to sus-
tainably balance and optimize the health of people, animals, and eco-
systems. It recognizes the health of humans, domestic and wild
animals, plants, and the wider environment (including ecosystems)
are closely linked and interdependent” (22). Therefore, since, chronic
exposure to azolic plaguicides has been previously reported to select
resistant strains; we wanted to monitor the susceptibility patterns of
environmental Aspergillus spp. isolated from Costa Rican coffee
beans. As it is of great importance to know about the situation of
resistance to antifungals, for it will allow treating physicians to make
an appropriate decision. This knowledge will lay the foundation for a
better response to patients with invasive aspergillosis, thereby reduc-
ing mortality and medical costs.

2 Materials and methods
2.1 Aspergillus spp. isolates

The minimal inhibitory concentration (MIC) was determined for
187 Aspergillus spp. obtained from a previous research study (19). In
summary, the isolates were obtained from cherry, green and roasted
coffee beans from a cooperative that operated a coffee processing
facility in the largest coffee region of Costa Rica, the Los Santos
coffee- growing area. The sample size was determined by using the
Cochran formula and the samples were obtained randomly from two
harvests: 2019-2020 and 2020-2021. In said study (19) the fungal
isolates were identified by mass spectrometry using the Maldi
Biotyper® (Bruker Daltonics, Billerica, MA, USA). The spectra were
analyzed using the Bruker Library and the MSI (Mass Spectra
Identification; https://msi.happy-dev.fr) platform developed by the
Assistance Publique-Hopitaux of Paris, the Sorbonne University of
Paris and the Belgian Coordinated Collections of Microorganisms
(BCCM). They were classified as Aspergillus flavus/oryzae (n = 46),
Aspergillus fumigatus (n = 8), Aspergillus insuetus (n = 1); Aspergillus
niger aggregate (n = 85), Aspergillus tamarii (n = 34) and Aspergillus
section Versicolores (n=13) and were deposited in the Fungal
Collection of the School of Microbiology of the Universidad de Costa
Rica (VI-B7732) and maintained in test tubes with potato dextrose
agar (PDA) and Czapek Dox agar, at room temperature (ca.
[20-25] °C).

2.2 Inoculum preparation

Each Aspergillus isolate was subcultured in test tubes with PDA
and incubated for 7 days at room temperature. Subsequently,
conidia suspensions were prepared in sterile 0.85% saline solution
and their concentration was standardized to (1-5) x 10° conidia
mL™', using a Neubauer counting chamber (Hausser Scientific,
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Horsham, PA, United States of America). Two hundred microliters
of each suspension were added to test tubes with 9.8 mL of Roswell
Park Memorial Institute (RPMI) 1640 broth (Thermo Fisher
Scientific, United States of America). Control strains from the
American Type Culture Collection (ATCC) were used as controls
of the antifungal medium and concentrations tested: Candida
krusei ATCC 6258 and Candida parapsilosis ATCC 22019. For the
inoculum of the control strains, a 24-h subculture in Sabouraud’s
dextrose agar of the yeasts was used. From these colonies, blasto-
spore suspensions were made to a 0.5 McFarland optical density in
sterile 0.85% saline solution to obtain a concentration of approxi-
mately (1-5) x 10° blastospores mL™". Finally, they were diluted to
1:1 000 with RPMI 1640 to obtain a final concentration of (1-5) x
10° blastospores mL™".

2.3 In vitro susceptibility testing for the
antifungals itraconazole, voriconazole, and
amphotericin B

The determination of the MICs was carried out as specified in the
M38 document: “Reference Method for Broth Dilution Antifungal
Susceptibility Testing of Filamentous Fungi” third edition (23). Stock
solutions of the antifungals itraconazole (ITZ), voriconazole (VRC)
(Royal Pharm, Hangzhou, China), and amphotericin B (AMB)
(Sigma Chemicals Co., St. Louis, Mo, USA) were prepared at a con-
centration of 1,600 pg mL™' using dimethyl sulfoxide (DMSO)
(Sigma Chemicals Co., St. Louis, Mo, United States of America) as a
diluent. From the stock solutions, dilutions were prepared at concen-
trations one hundred times higher than the final concentrations
tested and then diluted 1:50 with RPMI 1640 broth, to obtain con-
centrations twice as high as the final concentration. The final concen-
trations tested were: (0.03-16.00) pg mL™".

Microtiter plates were filled with 100 pL of each antifungal dilu-
tion and inoculated with 100 pL of the spore suspension. Growth and
reagent controls were prepared by adding 100 pL of RPMI 1640
medijum with DMSO at a concentration of 1%. Then, the growth con-
trol was inoculated with 100 pL of the spore suspension and 100 pL
of RPMI 1640 were added to the reagent control well. All tests were
performed by duplicate.

The results were read visually, after incubation of the plates for
48 h at 30 °C and without agitation. The MIC was defined as the
lowest concentration of antifungal that completely inhibited fungal
growth when compared to the growth control.

2.4 Statistical analysis

The range, geometric mean with standard deviation, and 50th
(MICs) and 90th (MICy,) percentiles of the MIC data were calcu-
lated for every antifungal tested, for every Aspergillus species and for
all the isolates together. The normality of the MIC distributions was
evaluated with Kolmogorov-Smirnov test for Aspergillus spp.
(n =187) and A. niger aggregate (n = 85) and with Shapiro-Wilk test
for A. flavus/oryzae (n = 46), A. tamarii (n = 34), Aspergillus section
Versicolores (n = 13) and A. fumigatus (n = 8). Then, statistical dif-
ferences between the MICs obtained for each antifungal, for each
specie were evaluated using a Kruskal-Wallis test with a Dunn’s Post
Hoc test (p < 0.05). The statistical analysis was performed with the
SPSS program, version 20 (SPSS Inc., Chicago, III, United States of
America).
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2.5 Minimal inhibitory concentration
interpretation

MIC interpretations were obtained using the M57S document:
“Epidemiological Cutoft Values for Antifungal Susceptibility Testing,”
4th edition (24). The epidemiological cutoff values (ECV) available
for AMB, ITZ and VRC, respectively, are: A. flavus 4 pgmL™,
1 pgmL™ and 2 pgmL™ A. fumigatus 2 pg mL™", 1 pgmL™" and
1 pg mL™" and A. niger 2 uyg mL™", 4 pg mL™" and 2 pg mL™".

3 Results

The antifungal susceptibility patterns to AMB, ITZ and VRC of
the n = 187 Aspergillus spp. were determined by the CLSI M38 guide-
line. The mean MIC (for all isolates) for AMB was 2.77 + 3.19 pg mL™},
0.29 + 0.26 pg mL™'for ITZ, and 1.13 + 2.68 pg mL~" for VRC. The
MIC distributions for each species are presented in Table 1 and
Figure 1. Statistical differences were found between the MICs
obtained for each antifungal agent. In the case of all the isolates and
A. niger, the MICs obtained for the three antifungal agents were sta-
tistically different from each other (p < 0.001). In the case of the other
species, statistical differences were also found (p < 0.05), but the post
Hoc test grouped ITZ and VRC together and AMB in a differ-
ent group.

When comparing the MICs to the ECVs, for AMB 15.2% (1 = 7)
of the A. flavus/oryzae, 75.0% (n = 6) of A. fumigatus and 3.5% (n = 3)
of the A. niger aggregate were classified as non-wild types. Regarding
VRC, 4.3% (n = 2) of the A. flavus/oryzae and 25.0% (n = 2) of the
A. fumigatus were classified as non-wild type for VRC. As for ITZ,
the isolates analyzed of the three species were all classified as wild-
types (Figure 2). It is worth mentioning that ECV's are different from
clinical breakpoints. The ECV is the MIC that separates microbial
populations into those with and without acquired and /or mutational
resistance. They are obtained from analyzing MIC distributions of a
large number of isolates tested using a susceptibility testing method,
while clinical breakpoints come from MIC distribution, pharmaco-
kinetic and pharmacodynamic data and clinical efficacy data.
Therefore, ECVs are not predictors of clinical success of failure (25).

4 Discussion

In Costa Rica, azole-based compounds are used in coffee fields to
avoid fungal infection of the plants. As previously stated, the azoles
used are cyproconazole, epoxiconazole, propiconazole and tebucon-
azole (20). These fungicides are short chained triazoles which are
used for their broad antifungal spectrum (26-29). Unfortunately,
patients with aspergillosis are also treated with azoles: VRC, ITZ,
posaconazole and isavuconazole (2, 30), being the first a short-
chained azole and the second a long-chained azole (31, 32). Since
aspergillosis is a community obtained disease, the exposure to fungal
isolates with secondary resistance to azoles is of concern. Therefore,
the present study, determined the susceptibility patterns of 187
Aspergillus spp. obtained from coffee beans from the Los Santos
Coffee Region in Costa Rica. It is worth noting that in vitro antifungal
profiles for environmental Aspergillus are scarce.
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TABLE 1 Susceptibility patterns of Aspergillus spp. isolated from coffee beans from Los Santos Coffee Region in Costa Rica (n = 187).

10.3389/fpubh.2026.1817727

Species Number Antifungal agent MIC range MICs, MICg, Mean + SD
AMB 0.50-16.00 3.00 8.00 3.67 +3.41
A. flavus/oryzae n=46 1TZ 0.06-0.50 0.25 0.50 0.24+0.16
VRC 0.6-16.00 0.25 1.30 1.04 £ 2.55
AMB 2.00-16.00 8.00 NA 9.50 +5.93
A. fumigatus n=38 1TZ 0.06-0.50 0.10 NA 0.16 £ 0.15
VRC 0.60-8.00 0.38 NA 2.19+3.59
AMB NA NA NA 4.00
A. insuetus n=1 1TZ NA NA NA 0.25
VRC NA NA NA 0.50
AMB 0.06-4.00 1.00 2.00 1.35+0.75
A. niger aggregate n=285 ITZ 0.06-1.00 0.25 0.50 0.35+0.24
VRC 0.06-2.00 0.50 1.00 0.67 +0.37
AMB 0.50-8.00 2.00 4.00 2.75+1.86
A. tamarii n=34 1TZ 0.03-2.00 0.13 1.00 0.30 + 0.41
VRC 0.03-16.00 0.50 16.00 2.35+5.08
AMB 0.50-16.00 2.00 16.00 4.61 £5.42
Aspergillus section
n=13 1TZ 0.06-0.50 0.13 0.50 0.20+0.18
Versicolores
VRC 0.06-2.00 0.50 2.00 0.77 £0.71
NA, Not applicable; AMB, amphotericin B; ITZ, itraconazole; VRC, voriconazole.
A. fumigatus (n = 8) A. flavus (n = 46)
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FIGURE 1

Minimal inhibitory concentration (MIC) distribution of Aspergillus spp. isolated from coffee beans from Los Santos Coffee Region in Costa Rica. The
yellow bars represent itraconazole, the red bars voriconazole, and the green bars amphotericin B.
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(red) according to the environmental cut-off values.

Classification of Aspergillus spp. isolated from coffee beans from Los Santos Coffee Region in Costa Rica in wild types (light blue) and non-wild types

A. fumigatus
Species

A. niger A. flavus A. fumigatus

Species

A. niger

Our results showed a higher susceptibility to ITZ, followed by
VRC and lastly by AMB. In the case of the azole-based drugs, the
MICs obtained for ITZ were lower than those reported in Taiwan
(33), Portugal (34), China (2) and Iran (35). In the case of VRC,
the MIC values were similar to those from other studies (2, 33,
36-39). Also, it is important to highlight that the mean MICs
obtained for the Costa Rican environmental A. fumigatus, for both
azoles, were like those reported from clinical isolates from Costa
Rica (40).

Azoles act by inhibiting the enzyme 1,4-a-lanosterol-
demethylase, which alters ergosterol biosynthesis and thus alters
cell membrane functionality, ultimately leading to cell death or
inhibition of growth and replication (41). Among the known
mechanisms of resistance are mutations resulting in decreased
affinity for azoles or overexpression of the cyp51A gene (2). It is
worth mentioning that Chowdhary et al. (42) isolated A. fumigatus
resistant to VRC from potato (Solanum tuberosum) fields and
from fenugreek (Trigonella foenum-graecum) fields and ITZ resis-
tant strains from rose (Rosa spp.) bed soil and red chilli (Capsicum
annuum) fields from India. The authors reported that the VRC-
resistant isolates exhibited the TR46/Y121F/T289A mutation and
the ITZ-resistant isolates the TR34/L98H mutation (42). Ren et al.
(43) also described these mutations in A. fumigatus strains iso-
lated from soil samples from greenhouses that grow vegetables
and fruits from Zhejiang, China; epoxiconazole, tebuconazole,
propiconazole, hexaconazole and metconazole were used as fun-
gicides in these crops. Therefore, the authors suggest a link
between the agricultural use of triazoles and the appearance of
resistance in A. fumigatus to triazole drugs used for treating
human beings (43).

As an alternative therapy to first-line triazole treatments AMB is
used for invasive aspergilosis. It is a polyene that acts by binding to
ergosterol causing the formation of ion channels in the cell mem-
brane and therefore the death of the fungus (41). In contrast to what
we found for azoles, the MICs obtained for AMB were higher than
those reported from studies performed with clinical isolates from
Taiwan (33) and Portugal (34) but were similar to those obtained in
Venezuela (38) and Iran (35). Even though resistance to AMB is rare
in fungi, low susceptibility patterns have been reported in other
Aspergillus spp. like A. terreus, which is even considered innately
resistant to this drug (44, 45).

Low susceptibility was found for AMB, especially for A. fumiga-
tus. However, it is important to emphasize that one of the limitations
of this study is that only eight isolates of the latter species were ana-
lyzed. So, it is recommended to expand the sample size of environ-
mental A. fumigatus maybe by including isolates from other foods. In
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the case of VRC MIC ranges were broadly distributed between the
concentrations tested and the mean concentrations found for each
species was higher than the one obtained for ITZ. In this regard, cer-
tain A. flavus and A. fumigatus strains showed a non-wild-type strains
pattern to VRC, but not to IRZ. However, no statistical differences
were found between the mean MICs of these two drugs. These find-
ings highlight the importance of susceptibility testing to monitor
clinical and environmental isolates and reaffirm the impact of pesti-
cides used on the field on human health. Thus, it is recommended
that more isolates of each species be tested and isolates from other
crops where azole-based pesticides are used. Finally, a comparison
between molecular analysis of possible mutations related to azole
resistance found in environmental and clinical Costa Rican isolates
would strength the linking of agricultural fungicides to resistance
mechanisms.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

DJ-V: Supervision, Formal analysis, Software, Data curation,
Writing - original draft, Visualization, Conceptualization. MS-C:
Writing - review & editing, Methodology, Investigation. VV-R:
Writing - review & editing, Investigation, Methodology. IC-O:
Writing - review & editing, Methodology, Investigation. IS-S:
Methodology, Investigation, Writing — review & editing. FM-C:
Methodology, Writing - review & editing, Investigation. SR: Writing —
review & editing, Methodology. AC-H: Investigation, Writing - review
& editing. NG: Supervision, Data curation, Writing — review & edit-
ing, Conceptualization, Visualization, Resources, Formal analysis,
Funding acquisition.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This research was supported by

frontiersin.org


https://doi.org/10.3389/fpubh.2026.1817727
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Jaikel-Viquez et al.

Vicerrectoria de Investigacion, Universidad de Costa Rica (grants No.
C3127, C5115 and C6055).

Acknowledgments

The authors thank Alejandra Gémez Arrieta (Medical Mycology
Section, School of Microbiology, University of Costa Rica) for her
technical contributions to this work.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Batista MV, Costa SE, Shikanai MA, Moss RB. Current treatment options for invasive
aspergillosis. Drugs Today (Barc). (2013) 49:213. doi: 10.1358/dot.2013.49.3.1921234

2. Kang Y, Ma W, Li Q, Wang P, Jia W. Epidemiology, antifungal susceptibility and biologi-
cal characteristics of clinical Aspergillus fumigatus in a tertiary hospital. Sci Rep. (2025)
15:16906. doi: 10.1038/s41598-025-00187-z

3. van de Veerdonk FL, Carvalho A, Wauters J, Chamilos G, Verweij PE. Aspergillus
fumigatus biology, immunopathogenicity and drug resistance. Nat Rev Microbiol. (2025)
23:652-66. doi: 10.1038/s41579-025-01180-z

4. van Ackerbroeck S, Rutsaert L, Roelant E, Dillen K, Wauters ], Van Regenmortel N.
Inhaled liposomal amphotericin-B as a prophylactic treatment for COVID-19-associated
pulmonary aspergillosis/aspergillus tracheobronchitis. Crit Care. (2021) 25:298. doi:
10.1186/513054-021-03728-w

5. Flores L, Arteaga P. Aspergilosis pulmonar crénica cavitada. Med Interna Méx. (2018)
34:152-6. doi: 10.24245/mim.v34i1.1522

6. Cadena ], Thompson GR, Patterson TE. Aspergillosis: epidemiology, diagnosis, and
treatment. Infect Dis Clin N Am. (2021) 35:415-34. doi: 10.1016/.idc.2021.03.008

7. Chowdhary A, Sharma C, Meis JF. Azole-resistant aspergillosis: epidemiology, molecu-
lar mechanisms, and treatment. ] Infect Dis. (2017) 216:5S436-44. doi: 10.1093/
infdis/jix210

8. Atoche-Dieguez C, Lammoglia L, Arenas R. Onicomicosis por Aspergillus sp. Estudio
de nueve casos y revision de la literatura Aspergillus. Dermatologia CMQ. (2008) 6:151-6.

9. Aldama Caballero A, Acosta Sens R, Rivelli V, Insaurralde S, Mendoza de Sanchez G,
Celfas L. Aspergilosis diseminada con importante afectacion cutanea. An Fac Cienc Méd.
(2016) 49:87-96. doi: 10.18004/anales/2016.049(02)87-096

10. Szalewski DA, Hinrichs VS, Zinniel DK, Barletta RG. The pathogenicity of Aspergillus
fumigatus, drug resistance, and nanoparticle delivery. Can | Microbiol. (2018) 64:439-53.
doi: 10.1139/¢jm-2017-074

11. Wassano NS, Goldman GH, Damasio A. Aspergillus fumigatus. Trends Microbiol.
(2020) 28:594-5. doi: 10.1016/j.tim.2020.02.013

12. Jeanvoine A, Rocchi S, Bellanger AP, Reboux G, Millon L. Azole-resistant Aspergillus
fumigatus: a global phenomenon originating in the environment? Méd Mal Infect. (2020)
50:389-95. doi: 10.1016/j.medmal.2019.07.014

13. Arendrup MC. Update on antifungal resistance in aspergillus and Candida. Clin
Microbiol Infect. (2013) 20:42-8. doi: 10.1111/1469-0691.12513

14. Parra ALC, Pereira VC, Freitas AS, de Souza-Filho MA, Viera ASA, Diogenes EM,
et al. Agrochemical fungicides as environmental drivers of antifungal resistance. Sci Total
Environ. (2025) 1000:180385. doi: 10.1016/j.scitotenv.2025.180385

15. Rhodes ], Abdolrasouli A, Dunne K, Sewell TR, Zhang Y, Ballard E, et al. Population
genomics confirms acquisition of drug-resistant Aspergillus fumigatus infection by
humans from the environment. Nature Microbiol. (2022) 7:663-74. doi: 10.1038/
541564-022-01091-2

16. Toda M, Beer KD, Kuivila KM, Chiller TM, Jackson BR. Trends in agricultural tri-
azole fungicide use in the United States, 1992-2016 and possible implications for antifun-
gal-resistant fungi in human disease. Environ Health Perspect. (2021) 129:055001. doi:
10.1289/EHP7484

Frontiers in Public Health

10.3389/fpubh.2026.1817727

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17. Nywening AV, Rybak JM, Rogers PD, Fortwende JR. Mechanisms of triazole resis-
tance in Aspergillus fumigatus. Environ Microbiol. (2020) 22:4934-52. doi:
10.1111/1462-2920.15274

18. van Paassen J, Russcher A, Verweij PE, Kuijper EJ. Emerging aspergillosis by azole-
resistant Aspergillus fumigatus at an intensive care unit in the Netherlands, 2010 to 2013.
Euro Surveill. (2016) 21:300. doi: 10.2807/1560-7917.ES.2016.21.30.30300

19. Jaikel-Viquez D, Garcia-Sanchez F, Santamaria-Sanchez I, Lozada-Alvarado S,
Gomez-Arrieta A, Granados-Chinchilla E et al. Isolation and characterization of poten-
tially ochratoxigenic fungi from Costa Rican coffee (Coffea arabica L.) beans. Can |
Microbiol. (2025) 71:1-10. doi: 10.1139/cjm-2025-00881

20. Centro de Investigacion en Café (CICAFE) (2019). Sistema de alerta y recomendacion
temprana para el combate de la roya. Unidad de Investigacion y Oficinas Regionales.
Available online at: https://www.icafe.cr/cicafe/investigaciones/la-roya-del-cafe/sistema-
de-alerta-y-recomendacion-temprana/ (Accessed February 12, 2026).

21. Ministerio de Agricultura y Ganaderia (MAG). (2024). Uso aparente de plaguicidas
en Costa Rica. Periodo 2017-2023. Ministerio de Agricultura y Ganaderia. Secretaria
Ejecutiva de Planificacién Sectorial Agropecuaria y Servicio fitosanitario del Estado.
SEPSA-INF-2024-011. Availabel online at: https://www.sfe.go.cr/Transparencia/SEPSA-
INF-2024-011_Uso_plaguicidas_2017-2023.pdf (Accessed February 5, 2026).

22. One Health High-Level Expert Panel (OHHLEP)Adisasmito WB, Almuhairi S,
Behravesh CB, Bilivogui P, Bukachi SA, et al. One health: a new definition for a sustain-
able and healthy future. PLoS Pathog. (2022) 18:¢1010537. doi: 10.1371/journal.
ppat.1010537

23. Clinical and Laboratory Standards Institute (CLSI). (2017). Reference Method for
Broth Dilution Antifungal Susceptibility Testing of Filamentous fungi (3rd ed.).
Wayne, PA, USA: CLSI Standard M38.

24. Clinical and Laboratory Standards Institute (CLSI). (2022). CLSI Epidemiological
Cutoff Values for Antifungal Susceptibility Testing. 4th ed. Wayne, PA, USA: CLSI supple-
ment M57S.

25. Schuetz AN. Role of bacterial and fungal epidemiological cutoff values for antimicro-
bial susceptibility testing in the microbiology laboratory. Clin Microbiol Newsl. (2020)
42:9-17. doi: 10.1016/j.clinmicnews.2019.12.006

26. Dong B. A comprehensive review on toxicological mechanisms and transformation
products to tebuconazole: insights on pesticide management. Sci Total Environ. (2024)
908:168264. doi: 10.1016/j.scitotenv.2023.168264

27. European Food Safety Authority (EFSA). Conclusion on the peer review of the pes-
ticide risk assessment for the active substance epoxiconazole in light of confirmatory data.
EFSA J. (2015) 13:4123. doi: 10.2903/j.efsa.2015.4123

28. European Food Safety Authority (EFSA)Arena M, Auteri D, Barmaz S, Bellisai
G, Brancato A, et al. Conclusion on the peer review of the pesticide risk assessment
of the active substance propiconazole. EFSA J. (2017) 15:4887. doi: 10.2903/j.
efsa.2017.4887

29. European Food Safety Authority (EFSA)Anastassiadou M, Bellisai G, Bernasconi G,
Brancato A, Carrasco Cabrera L, et al. Reasoned opinion on the review of the existing
maximum residue levels for cyproconazole according to article 12 of regulation (EC) no
396/2005. EFSA J. (2021) 19:6483. doi: 10.2903/j.efsa.2021.6483

frontiersin.org


https://doi.org/10.3389/fpubh.2026.1817727
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1358/dot.2013.49.3.1921234
https://doi.org/10.1038/s41598-025-00187-z
https://doi.org/10.1038/s41579-025-01180-z
https://doi.org/10.1186/s13054-021-03728-w
https://doi.org/10.24245/mim.v34i1.1522
https://doi.org/10.1016/j.idc.2021.03.008
https://doi.org/10.1093/infdis/jix210
https://doi.org/10.1093/infdis/jix210
https://doi.org/10.18004/anales/2016.049(02)87-096
https://doi.org/10.1139/cjm-2017-074
https://doi.org/10.1016/j.tim.2020.02.013
https://doi.org/10.1016/j.medmal.2019.07.014
https://doi.org/10.1111/1469-0691.12513
https://doi.org/10.1016/j.scitotenv.2025.180385
https://doi.org/10.1038/s41564-022-01091-2
https://doi.org/10.1038/s41564-022-01091-2
https://doi.org/10.1289/EHP7484
https://doi.org/10.1111/1462-2920.15274
https://doi.org/10.2807/1560-7917.ES.2016.21.30.30300
https://doi.org/10.1139/cjm-2025-00881
https://www.icafe.cr/cicafe/investigaciones/la-roya-del-cafe/sistema-de-alerta-y-recomendacion-temprana/
https://www.icafe.cr/cicafe/investigaciones/la-roya-del-cafe/sistema-de-alerta-y-recomendacion-temprana/
https://www.sfe.go.cr/Transparencia/SEPSA-INF-2024-011_Uso_plaguicidas_2017-2023.pdf
https://www.sfe.go.cr/Transparencia/SEPSA-INF-2024-011_Uso_plaguicidas_2017-2023.pdf
https://doi.org/10.1371/journal.ppat.1010537
https://doi.org/10.1371/journal.ppat.1010537
https://doi.org/10.1016/j.clinmicnews.2019.12.006
https://doi.org/10.1016/j.scitotenv.2023.168264
https://doi.org/10.2903/j.efsa.2015.4123
https://doi.org/10.2903/j.efsa.2017.4887
https://doi.org/10.2903/j.efsa.2017.4887
https://doi.org/10.2903/j.efsa.2021.6483

Jaikel-Viquez et al.

30. Lamoth E, Calandra T. Pulmonary aspergillosis: diagnosis and treatment. Eur Respir
Rev. (2022) 31:220114. doi: 10.1183/16000617.0114-2022

31. National Center for Biotechnology Information (NCBI) (2026). PubChem compound
summary for CID 71616, Voriconazole. AVailable online at: https://pubchem.ncbi.nlm.
nih.gov/compound/Voriconazole (Accessed February 6, 2026).

32. National Center for Biotechnology Information (NCBI) (2026). PubChem compound
summary for CID 55283, Itraconazole. Available online at: https://pubchem.ncbi.nlm.nih.
gov/compound/Itraconazole (Accessed February 6, 2026).

33. Wang HC, Hsieh MI, Choi PC, Wu WL, Wu CJ, Hospitals TSARM. Species
distribution and antifungal susceptibility of clinical aspergillus isolates: a multi-
centre study in Taiwan, 2016-2020. Mycoses. (2023) 66:711-22. doi: 10.1111/
myc.13593

34. Sabino R, Carolino E, Verissimo C, Martinez M, Clemons KV, Stevens DA. Antifungal
susceptibility of 175 aspergillus isolates from various clinical and environmental sources.
Med Mycol. (2016) 54:740-56. doi: 10.1093/mmy/myw024

35. Badali H, Fakhim H, Zarei F, Nabili M, Vaezi A, Poorzad N, et al. In vitro activities of
five antifungal drugs against opportunistic agents of aspergillus Nigri complex.
Mycopathologia. (2016) 181:235-40. doi: 10.1007/s11046-015-9968-0

36. Djenontin E, Costa JM, Mousavi B, Nguyen LDN, Guillot J, Delhaes L, et al. The
molecular identification and antifungal susceptibility of clinical isolates of aspergillus sec-
tion Flavi from three French Hospitals. Microorganisms. (2023) 11:2429. doi: 10.3390/
microorganisms11102429

37. Iatta R, Nuccio F, Immediato D, Mosca A, De Carlo C, Miragliotta G, et al. Species
distribution and in vitro azole susceptibility of aspergillus section Nigri isolates from
clinical and environmental settings. J Clin Microbiol. (2016) 54:2365-72. doi: 10.1128/
JCM.01075-16

Frontiers in Public Health

07

10.3389/fpubh.2026.1817727

38. Moreno-Calderén X, Macero-Estéves C, Oliveira-Oliveira D. Antifungal susceptibility
of aspergillus genus determined by the Etest® method: eleven years of experience at the
Instituto Médico La Floresta. Caracas, Venezuela. Investig Clin. (2023) 64:471-81. doi:
10.54817/1C.v64n4a4

39. Trevino-Rangel RJ, Villanueva-Lozano H, Bonifaz A, Castaiion-Olivares LR, Andrade
A, Becerril-Garcia MA, et al. Species distribution and antifungal susceptibility patterns
of aspergillus isolates from clinical specimens and soil samples in Mexico. Med Mycol.
(2021) 59:1006-14. doi: 10.1093/mmy/myab031

40. Cambronero-Ortiz I, Jaikel-Viquez D, Gross NT. Actividad antifungica in vitro de
aislamientos clinicos costarricenses de Aspergillus spp. Acta Méd Costarricen. (2025)
67:1-6. doi: 10.51481/amc.v67i3.1471

41. Walsh TJ, Anaissie EJ, Denning DW, Herbrecht R, Kontoyiannis DP, Marr KA, et al.
Treatment of aspergillosis: clinical practice guidelines of the Infectious Diseases Society
of America. Clin Infect Dis. (2008) 46:327-60. doi: 10.1086/525258

42. Chowdhary A, Sharma C, Kathuria S, Hagen F, Meis JE. Azole-resistant Aspergillus
fumigatus with the environmental TR46/Y121F/T289A mutation in India. ] Antimicrob
Chemother. (2014) 69:555-7. doi: 10.1093/jac/dkt397

43. Ren ], Jin X, Zhang Q, Zheng Y, Lin D, Yu Y. Fungicides induced triazole-resistance
in Aspergillus fumigatus associated with mutations of TR46/Y121F/T289A and its appear-
ance in agricultural fields. ] Hazard Mater. (2017) 326:54-60. doi: 10.1016/j.
jhazmat.2016.12.013

44. Vahedi-Shahandashti R, Hahn L, Houbraken J, Lass-Florl C. Aspergillus section
Terrei and antifungals: from broth to agar-based susceptibility testing methods. J. Fungi.
(2023) 9:306. doi: 10.3390/j0f9030306

45. Vahedi-Shahandashti R, Lass-Florl C. Novel antifungal agents and their activity
against aspergillus species. J Fungi. (2020) 6:213. doi: 10.3390/jof6040213

frontiersin.org


https://doi.org/10.3389/fpubh.2026.1817727
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1183/16000617.0114-2022
https://pubchem.ncbi.nlm.nih.gov/compound/Voriconazole
https://pubchem.ncbi.nlm.nih.gov/compound/Voriconazole
https://pubchem.ncbi.nlm.nih.gov/compound/Itraconazole
https://pubchem.ncbi.nlm.nih.gov/compound/Itraconazole
https://doi.org/10.1111/myc.13593
https://doi.org/10.1111/myc.13593
https://doi.org/10.1093/mmy/myw024
https://doi.org/10.1007/s11046-015-9968-0
https://doi.org/10.3390/microorganisms11102429
https://doi.org/10.3390/microorganisms11102429
https://doi.org/10.1128/JCM.01075-16
https://doi.org/10.1128/JCM.01075-16
https://doi.org/10.54817/IC.v64n4a4
https://doi.org/10.1093/mmy/myab031
https://doi.org/10.51481/amc.v67i3.1471
https://doi.org/10.1086/525258
https://doi.org/10.1093/jac/dkt397
https://doi.org/10.1016/j.jhazmat.2016.12.013
https://doi.org/10.1016/j.jhazmat.2016.12.013
https://doi.org/10.3390/jof9030306
https://doi.org/10.3390/jof6040213

	Antifungal susceptibility of Aspergillus spp. isolated from coffee beans of Los Santos Coffee Region, Costa Rica
	1 Introduction
	2 Materials and methods
	2.1 Aspergillus spp. isolates
	2.2 Inoculum preparation
	2.3 In vitro susceptibility testing for the antifungals itraconazole, voriconazole, and amphotericin B
	2.4 Statistical analysis
	2.5 Minimal inhibitory concentration interpretation

	3 Results
	4 Discussion

	Acknowledgments
	References

